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INTRODUCTION: 


Lymphedema  is  a  debilitating  swelling  of  the  extremity  that  occurs  commonly  after  lymph  node 
dissection  for  cancer  operations  and  surgical  staging.  It  is  estimated  that  lymphedema  affects  1  in  3 
women  following  axillary  lymph  node  dissection  for  cancer,  1  in  8  patients  following  lymph  node 
dissection  for  other  cancers,  and  3-5  million  Americans  overall.  ’  Lymphedema  results  in  limb  swelling 
and  deformity,  infection,  debilitation,  and  reduced  quality  of  life.  There  is  an  overall  lack  of  knowledge 
regarding  the  pathogenesis  of  lymphedema.  While  current  literature  does  support  that  inflammation, 
fibrosis,  and  lymphatic  dysfunction  are  pathologic  hallmarks  of  lymphedema,  it  is  unclear  which  cellular 
and  molecular  events  cause  these  changes,  sometimes  years  to  decades  after  surgical  lymphatic 
disruption  and  lymph  node  removal.  The  purpose  of  this  study  was  to  determine  the  cellular  and 
molecular  events  that  lead  to  lymphedema.  By  understanding  these  pathologic  events,  we  aim  to 
suggest  targeted  preventive  and  therapeutic  strategies. 

BODY: 


The  research  accomplishments  achieved  by  this  grant  are  outlined  below  to  address  the  work  completed 
under  each  specific  aim  as  outlined  in  the  grant  narrative  and  statement  of  work. 

Aim  1:  Determine  the  roles  of  IL-4  and  IL-13  in  fibrosis  and  lymphatic  dysfunction.  IL-4  and  IL- 
13  are  cytokines  known  to  promote  T  helper  type  2  immune  responses  and  known  to  promote 
extracellular  matrix  remodeling,  collagen  deposition,  and  fibrosis  in  many  fibroproliferative  disorders.^ 
As  a  result  of  work  in  this  aim,  we  have  shown  that  IL-4  and  IL-13  contribute  to  the  generation  of  T 
helper  type  2  responses  which  contribute  to  progressive  fibrosis  and  a  specific  inflammatory  response 
that  results  in  lymphatic  dysfunction,  worsened  lymphatic  fluid  stasis,  and  lymphedema. 

1.1  Determine  the  role  of  IL-13  in  initiation  and  progression  of  fibrosis  secondary  to 
lymphedema. 

To  determine  the  role  of  IL-13  in  the  initiation  of  lymphedema,  we  used  IL-13 
monoclonal  antibody  to  systemically  block  the  effect  of  this  cytokine  following  disruption  of 
superficial  and  deep  lymphatics  in  the  mouse  tail.  These  experiments  were  conducted  using 
a  well-described  mouse  tail  model  of  lymphedema  in  which  tail  lymphatics  are  excised  to 
generate  progressive  lymphedema,  mimicking  clinical  lymphedema  in  patients.  Mice 
underwent  tail  lymphatic  disruption,  followed  by  systemic  treatment  with  IL-13  monoclonal 
blocking  antibody  or  isotype  control.  Alternate  groups  were  treated  with  IL-4  monoclonal 
antibody  or  isotype  control,  since  we  have  previously  shown  that  this  treatment  largely 
prevents  lymphedema  initiation. 

The  results  of  these  experiments  have  demonstrated  that  both  IL-4  and  IL-13  blockade 
prevent  the  initiation  of  edema,  reduce  abnormal  fat  deposition,  reduce  abnormal  tissue 
inflammation,  lessen  abnormal  fibrosis  and  scarring,  and  lead  to  improved  lymphatic 
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function  and  better  lymphatic  flow.  These  results  are  fully  described  in  the  attached 
manuscript,  currently  in  review  at  Circulation?  Specifically,  we  have  shown  that  treatment 
with  either  IL-4mAb  or  IL-13mAb  markedly  decreases  tail  volumes  as  compared  with 
controls  (5-fold  and  2.8-fold,  respectively,  p<0.001).  Whereas  control  animals  developed 
fixed  tail  contractures  due  to  fibrosis  (“J”  configuration),  the  tails  of  IL-4mAb  or  IL-13mAb- 
treated  animals  remained  pliable.  Histologically,  IL-4mAb  or  IL-13mAb-treated  animals 
had  significantly  decreased  subcutaneous  edema/adipose  deposition  (1.3  and  1.5-fold, 
p<0.001),  scar  index  (2.5  and  1.3-fold  (p<0.001,  p<0.03),  and  collagen  deposition  (1.7  and 
1.3-fold,although  the  effect  of  IL-13mAb  on  collagen  deposition  was  not  statistically 
significant).  IL-4  neutralization  decreased  tissue  expression  of  CD45,  CD4,  IFN-gamma, 
IL-4,  and  IL-13  as  well  as  peripheral  blood  concentrations  of  IL-4  and  IL-13  (2.4  and  5.3- 
fold,  respectively;  p<0.01).  These  findings  were  corroborated  by  decreased  numbers  of  Thl 
and  Th2  cells  in  tail  tissues  from  IL4mAb-treated  animals  (2-fold,  p<0.001).  Decreased 
inflammation  and  fibrosis  in  IL-4mAb-  or  IL-13mAb-treated  animals  was  associated  with 
markedly  improved  lymphatic  function  (5-7-fold  increased  ^^“Tc  uptake,  p<0.01;  3.5-30- 
fold  increase  in  relative  proximal  fluorescence,  p<0.001). 

We  hypothesize  that  inhibition  of  fibrosis  is  specific  to  Th2  differentiation  rather  than  a 
generalized  anti-inflammatory  effect.  In  order  to  evaluate  the  isolated  effects  of  IL-4  and  IL- 
13  on  fibrosis,  selective  inhibition  of  the  JAKl/2  pathway  (with  inhibitor  JAKl/2 
(AZD1480))  was  tested  in  our  tail  model  against  a  vehicle  control  for  6  weeks  ’  The 
JAKl/2  pathway  is  an  important  regulator  of  acute/chronic  inflammation,  involved  in 
signaling  for  a  variety  of  inflammatory  cytokines,  including  IL-6.  As  observed  in  two  of  our 
murine  models  (tail  lymphatic  ablation  and  axillary  lymph  node  dissection)  in  addition  to  the 
findings  of  Karlson  et  ah,  IL-6  expression  is  increased  in  lymphedematous  tissues 
(unpublished  observations).'**  Inhibition  of  JAKl/2  spares  the  JAK3/STAT6  pathway, 
through  which  IL-4  and  IL-13  signal,  thus  allowing  for  assessment  of  the  fibrogenic  effects 
of  these  cytokines  independent  from  general  inflammation.  " 

As  expected,  treatment  with  AZD1480  produced  a  near-complete  blockade  of  STAT3 
phosphorylation  (pSTAT3)  as  evidenced  by  western  blot  analysis  and  decreased  numbers  of 
pSTAT3'^  cells  (2.8-fold,  p<0.001)  in  lymphedematous  tissues.  Mice  treated  with  AZD1480 
had  no  gross  or  measureable  decrease  in  tail  swelling  and  no  difference  in  subcutaneous 
tissue  thickness/interstitial  edema  compared  with  controls.  Importantly,  STAT3  inhibition 
did  not  decrease  fibrosis  or  improve  lymphatic  function,  suggesting  that  these  outcomes  are 
specific  to  Th2  cytokines  as  opposed  to  general  inflammation. 

To  test  the  hypothesis  that  Th2  cytokines  also  regulate  the  proeression  of  fibrosis  and 
lymphatic  dysfunction,  we  investigated  6-week  post-tail  lymphatic  excision  mice  with  well- 
established  fibrosis  (i.e.  significantly  increased  tail  volumes  from  baseline  and  fixed 
contracture  deformity).^  At  this  point,  animals  were  randomized  into  groups  and  treated 
either  with  IL-4mAb  or  isotype  control  antibodies  for  3  weeks,  followed  by  a  3  week  period 
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of  treatment  withdrawal.  (We  chose  not  to  use  IL-13mAb  since  our  earlier  experiments 
demonstrated  that  IL-4  was  more  efficacious  in  preventing  initiation  of  fibrosis). 

Animals  treated  with  IL-4mAb  demonstrated  significant  improvements  in  tail  volumes 
(38%  decrease;  p<0.01)  as  compared  with  controls  (15%  decrease;  p=na).  Furthermore,  IL- 
4mAb  treatment  markedly  decreased  tissue  fibrosis  with  resolution  of  tail  contracture; 
whereas,  tail  fibrosis  persisted  in  control  animals.  These  observations  were  confirmed  by 
histologic  analysis  demonstrating  significantly  decreased  subcutaneous  tissue  thickness, 
interstitial  edema,  and  adipose  deposition  in  IL-4mAb  treated  animals  (1.4-fold;  40% 
reduction;  p<0.01).  No  recurrence  of  fibrosis,  increases  in  tail  volumes  or  increases  in 
subcutaneous  tissue  thickness  were  observed  upon  withdrawal  of  IL-4mAb.  Control  animals 
did  display  minor  spontaneous  improvements  in  these  measures  by  12  weeks;  however,  in 
contrast  to  our  experimental  group,  these  changes  did  not  reach  statistical  significance. 

IL-4  neutralization  markedly  decreased  tail  tissue  inflammation  (1.4-2. 1 -fold  decreased 
CD45,  CD4,  IFN-y,  IL-4,  and  IL-13  expression  by  western  blot),  serum  levels  of  IgE  (2-fold, 
p<0.01),  and  serum  levels  of  IL13  (6-fold;  p<0.01).  IL4mAb  treatment  did  significantly 
decrease  the  number  of  Thl  (1.7-fold)  and  Th2  (2.1-fold)  cells  in  lymphedematous  tissues 
(p<0.01  for  both).  Interestingly,  differences  in  serum  IL-4  concentrations  did  not  reach 
statistical  significance. 

IL-4  blockade  in  animals  with  established  lymphedema  significantly  decreased  tissue 
fibrosis  (2-fold  decreased  scar  index  and  type  I  collagen  deposition,  p<0.01  for  both)  and 
markedly  improved  lymphatic  function  (13-fold  increased  ^^“Tc  uptake,  p<0.01;  3.1 -fold 
increased  proximal  lymphatic  fluorescence,  p<0.03).  Interestingly,  these  improvements 
persisted  following  treatment  withdrawal  (5-fold  increased  ^^“Tc  uptake,  p<0.01;  2.9-fold 
increase  proximal  fluorescence,  p=0.07). 

1.2  Determine  the  effect  of  TGF-Bl  on  the  progression  of  fibrosis  and  Th2  cytokine 
expression  in  lymphedema. 

We  have  previously  shown  that  blockade  of  TGF-Bl,  a  molecule  known  to  play  a  critical 
role  in  extracellular  matrix  remodeling  which  directly  inhibits  lymphangiogenesis  decreases 
initiation  of  fibrosis  and  expression  of  Th2  cytokines  in  response  to  lymphedema.^’ 
Therefore  we  hypothesized  that  inhibition  of  TGF-Blcan  also  prevent  progression  of  tissue 
fibrosis  in  established  lymphedema.  Using  our  tail  model  of  lymphedema,  we  tested  our 
hypothesis  by  treating  6-week  post-op  animals  with  a  3  week  course  of  systemic  TGF-Bl 
neutralizing  antibody  or  isotype  control.  Contrary  to  our  hypothesis,  we  observed  no 
significant  reduction  in  tail  edema,  subcutaneous  tissue  thickness,  collagen  deposition,  scar 
index,  lymphatic  vessel  number,  or  lymphatic  function  among  groups.  Experiments  were 
repeated  twice.  These  findings  suggest  that  while  TGF-Bl  is  critical  for  preventing  the 
initiation  of  fibrosis  associated  with  lymphatic  fluid  stasis,  other  molecules  have  a  more 
significant  role  in  promoting  the  progression  of  lymphedema  and  fibrosis.  Importantly,  due 
to  the  absence  of  significant  differences  among  these  treatment  groups,  experiments 
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investigating  a  potential  synergistic  effect  of  IL-4  and  IL-13  blockade  with  TGFB-1,  as 
proposed  by  the  narrative,  were  not  pursued.  Furthermore,  these  findings  support  the 
concept  that  specific  rather  than  generalized  inflammatory  responses  promote  the 
progression  of  lymphedema. 

Aim  2:  Determine  the  effects  of  chronic  lymphedema  on  Th2  inflammatory  responses  in  patients 
with  post-surgical  lymphedema.  In  this  aim,  we  tested  the  hypothesis  that  patients  with  lymphedema 
develop  a  Th2 -biased  chronic  inflammatory  response.  We  demonstrated  that  lymphedema  patients 
exhibit  significant  T-helper  cell  infiltrate  within  lymphedematous  tissues  as  well  as  elevations  in  tissue 
expression  of  T-helper  type  2  cytokines. 

2.1  Determine  the  effects  of  chronic  lymphedema  on  Th2  inflammatory  responses  in 
patients  with  post-surgical  lymphedema. 

To  study  the  Th2  response  in  lymphedema  patients,  we  worked  in  collaboration  with  Dr. 
Stanley  Rockson  at  Stanford  University.  Previously,  we  collected  serum  and  blood  samples 
from  22  patients  with  varying  degrees  of  post-surgical  lymphedema  as  well  as  samples  from 
25  unaffected  control  patients  who  underwent  a  similar  surgery.  Tissue  samples  were  also 
collected  from  the  lymphedematous  limb  and  a  “matched”  location  on  the  unaffected  limb 
from  these  22  patients.  Comparing  lymphedema  patients  with  normal  controls,  we  analyzed 
serum  markers  of  Thl  and  Th2  differentiation  by  ELISA.  This  analysis  included  IFN-y 
(Thl)  and  IL-4,  IL-13,  CD30,  TGF-|3  and  IgE  (Th2).  We  observed  a  trend  toward 
significance  in  CD30  and  IgE;  however,  they  were  not  significant.  Analysis  of  RNA  derived 
from  fractions  of  peripherally  isolated  white  blood  cells  showed  no  major  differences  in 
TGF-B  (p  =  0.2773).  However,  this  may  be  due  to  the  fact  that  cells  were  not  activated  prior 
to  RNA  harvest  which  may  have  led  to  inconclusive  findings  regarding  cellular 
differentiation  status. 

IHC  for  IL-4,  IL-13,  IFNg,  TGF-B  I  as  well  as  inflammatory  cells  including  CD4,  CDS, 
and  CDl  IB  was  performed  in  matched  specimen  from  lymphedematous  and  normal  limbs. 
Compared  to  the  normal  controls,  increases  in  the  number  of  IL4'^  cells  (1.5-fold,  p=0.018), 
IL13^  cells  (2.3-fold,  p<0.001),  TGF-BU-  cells  and  infiltrating  macrophages  were  observed 
in  the  lymphedematous  limbs.  Also  noted  in  the  experimental  group,  was  an  increase  in  the 
number  of  CD4^  cells  (2.6-fold;  p=0.01)  with  a  correlation  between  the  severity  of 
lymphedema  and  the  degree  of  CD4+  cell  inflammation  (r=0.6332,  p<0.05).  No  significant 
difference  was  observed  in  the  number  of  CDS-i-  cells  within  the  experimental  model.  We  are 
continuing  to  perform  studies  on  IFN-y  and  Thl  markers  in  these  tissues.  Together  these 
findings  suggest  that,  locally,  Th2  cytokines  are  upregulated  in  lymphedematous  tissues  in 
the  setting  of  CD4-I-  infiltration.  While  the  systemic  effects  are  less  clear,  this  local 
inflammatory  response  may  govern  the  progression  to  lymphedema. 

2.2  Determine  the  effects  of  lymphedema  treatment  of  chronic  post-surgical 
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lymphedema  on  the  Th2  inflammatory  response. 

We  are  currently  collecting  samples  from  lymphedema  patients  at  MD  Anderson  Cancer 
Center.  The  subjects  for  this  study  will  be  comprised  of  women  with  unilateral  upper 
extremity  lymphedema  resulting  from  breast  cancer  surgery.  Patients  with  Campisi  stage  II 
or  III  lymphedema  will  be  identified  by  Dr.  Chang  and  his  team  at  MD  Anderson  Cancer 
Center  and  recruited  to  their  ongoing  IRB  approved  (MDACC  Protocol  ID  #:  201 1-0455) 
and  funded  clinical  trial  evaluating  the  efficacy  of  lymphaticovenous  bypass  surgery.  30  of 
these  patients  will  be  additionally  consented  to  provide  blood  and  tissue  samples  before  and 
after  surgery.  Blood  will  be  collected  before  and  then  1,  3,  and  6  months  after  bypass.  Tissue 
biopsy  will  be  performed  before  and  6  months  after  bypass.  Similar  to  our  colleagues  at 
Stanford,  all  patients  will  be  at  least  1  year  after  their  initial  breast  cancer  surgery  and  will 
not  have  been  treated  with  immunosuppressive  or  chemotherapy  medications  for  at  least  6 
months  prior  to  enrollment.  Also  similar  to  our  efforts  at  Stanford,  we  will  limit  accrual  to 
patients  with  Campisi  grade  II  or  III  (International  Society  of  Lymphology  stage  I  or  II).  For 
our  secondary  analysis,  arm  volume  measurements  will  be  performed  using  perometry  and 
subjective  analysis  will  be  performed  using  a  validated  questionnaire. 

At  present,  we  have  matched  samples  from  5  patients.  We  hope  that  accrual  will  be 
completed  in  9-10  months.  Once  we  have  received  all  of  the  specimens  will  run  PCR  on  the 
samples  for  Thl/Th2  differentiation  cytokines. 

KEY  RESEARCH  ACCOMPLISHMENTS: 

1 .  Determination  that  sustained  lymphatic  fluid  stasis  results  in  CD4-I-  cell  inflammation 

2.  Determination  that  inhibition  of  Th2  differentiation  decreases  initiation  and  progression  of 
fibrosis  and  improves  lymphatic  function 

3.  Determination  that  fibrosis  independently  inhibits  lymphatic  function 

4.  Determination  that  patients  with  lymphedema  demonstrate  a  local  Th2-type  response 
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CONCLUSION: 


Lymphedema  is  a  debilitating  disease  that  results  in  limb  swelling  and  deformity,  infection,  and  reduced 
quality  of  life  commonly  following  lymph  node  dissection  after  cancer  resection  and  surgical  staging. 
Currently,  there  is  no  cure  for  lymphedema  and  therapeutic  options  are  ineffective,  providing  little 
symptomatic  relief  It  is  unclear  which  molecular  and  cellular  mechanisms  are  responsible  for  the 
pathogenesis  of  lymphedema.  Thus,  the  purpose  of  this  study  was  to  further  elaborate  these  cellular  and 
molecular  events.  Specifically,  we  aimed  to  determine  the  roles  of  IL-4  and  IL-13  (cytokines  known  to 
play  a  role  in  other  fibroproliferative  disorders)  in  lymphatic  dysfunction  and  the  initiation  and 
progression  of  fibrosis. 

Interestingly,  we  found  that  IL-4  and  IL-13  promote  the  generation  of  T  helper  type  2  responses 
resulting  in  lymphatic  dysfunction,  increased  lymphatic  fluid  stasis,  and  lymphedema.  Our  experiments 
suggest  that  IL-4  and  IL-13  play  a  role  in  both  initiation  and  progression  of  fibrosis  secondary  to 
lymphedema.  Blockade  of  both  IL-4  and  IL-13  prevent  the  initiation  of  edema,  reduce  abnormal  fat 
deposition,  reduce  abnormal  tissue  inflammation,  lessen  abnormal  fibrosis  and  scarring,  and  lead  to 
improved  lymphatic  function  and  better  lymphatic  flow.  Furthermore,  through  STAT3  inhibition  we 
supported  our  hypothesis  that  fibrosis  is  specific  to  Th2  differentiation  rather  than  generalized 
inflammation.  Importantly,  we  found  that  Th2  cytokines  regulate  the  progression  of  fibrosis  and 
lymphatic  dysfunction;  animals  treated  with  IL-4mAb  demonstrated  significant  improvements  of  tail 
volumes  as  compared  with  controls,  and  IL-4mAb  treatment  markedly  decreased  tissue  fibrosis  with 
resolution  of  tail  contracture. 

Based  on  prior  experiments  that  demonstrated  the  important  role  of  TGF-Bl  in  the  initiation  of  fibrosis, 
we  aimed  to  investigate  whether  or  not  TGF-Bl  would  play  a  similar  role  in  the  progression  of  fibrosis 
and  Th2  cytokine  expression  in  lymphedema.  However,  our  findings  suggest  that  while  TGF-Bl  is 
critical  for  preventing  the  initiation  of  fibrosis  associated  with  lymphatic  fluid  stasis,  other  molecules 
have  a  more  significant  role  in  promoting  the  progression  of  lymphedema  and  fibrosis. 

Finally,  we  aimed  to  determine  the  effects  of  chronic  lymphedema  on  Th2  inflammatory  responses  in 
patients  with  post-surgical  lymphedema.  Tissue  samples  from  patients  with  lymphedematous  limbs 
showed  an  increase  in  the  numbers  of  IL4^  cells,  IL13^  cells,  TGF-BH-  cells  and  infiltrating 
macrophages  when  compared  to  controls.  Also  noted  in  the  experimental  group,  was  an  increase  in  the 
number  of  CD4^  cells  with  a  correlation  between  the  severity  of  lymphedema  and  the  degree  of  CD4-I- 
cell  inflammation.  These  findings  suggest  that  Th2  cytokines  are  upregulated  in  lymphedematous  tissues 
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in  the  setting  of  CD4+  infiltration.  While  the  systemie  effeets  are  less  clear,  this  local  inflammatory 
response  may  govern  the  progression  to  lymphedema. 

Our  results  demonstrate  that  Th2  cytokines,  specifically,  IL-4  and  IL-13,  play  a  critical  role  in  lymphatic 
dysfunction  as  well  as  the  initiation  and  progression  of  fibrosis  that  contributes  to  the  pathogenesis  of 
lymphedema.  By  continuing  to  gain  a  better  understanding  of  the  molecular  and  cellular  mechanisms 
responsible  for  lymphedema,  it  is  our  goal  to  identify  putative  targets  for  effective  therapies  in  the 
prevention  and  treatment  of  lymphedema. 
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Abstract 


Lymphedema  is  a  debilitating  disorder  affeeting  as  many  as  1  in  8  eaneer  survivors. 
Despite  wide  prevalenee,  limited  understanding  of  disease  pathogenesis  has  prevented 
development  of  effeetive  treatment  strategies.  While  inflammation,  fibrosis,  and  lymphatie 
dysfunetion  are  known  elinieal  hallmarks,  the  meehanisms  promoting  these  pathologie  ehanges 
are  unknown.  The  aim  of  this  study  therefore  was  to  determine  the  eellular  meehanisms 
regulating  ehronie  lymphedema  pathogenesis.  Using  a  mouse  axillary  lymph  node  dissection 
model  of  lymphatic  fluid  stasis  and  a  mouse  tail  model  of  chronic  lymphedema,  we  show  that 
sustained  lymphatic  fluid  stasis  leads  to  CD4+  T  cell  inflammation  with  a  mixed  T-helper  cell 
type  1  (Thl)/ T-helper  cell  type  2  (Th2)  phenotype.  Matched  clinical  specimens  similarly 
demonstrate  increased  CD4+  T  cell  infiltrate  and  elevations  in  Th2-type  cytokines. 
Furthermore,  loss  of  T  cells  or  knockout  of  CD4  prevents  lymphedema  development  in  the  tail 
model.  More  specifically,  inhibition  of  Th2  differentiation  through  IL4  and  IL13  blockade 
prevents  both  initiation  of  lymphedema  development  and  progression  of  established 
lymphedema.  Following  Th2  abrogation,  fibrosis  is  reduced,  lymphatic  function  is  improved, 
and,  importantly,  lymphangiogenesis  is  augmented  without  a  concomitant  alteration  in 
lymphangiogenic  cytokines.  The  findings  of  this  study  demonstrate  that  lymphedema 
pathogenesis  results  from  progressive  lymphatic  dysfunction  resulting  from  chronic  CD4+ 
inflammation,  Th2  differentiation,  and  fibrosis.  Blockade  of  Th2  responses  prevents  both 
initiation  and  progression  of  lymphedema  without  altering  lymphangiogenic  cytokines  locally. 
Attenuation  of  Th2  inflammation  therefore  may  be  an  effective  strategy  for  blocking  this 
pathologic  sequence  of  events  without  altering  metastatic  risk  in  cancer  survivors. 
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Introduction 


Lymphedema  is  chronic  tissue  swelling  that  occurs  when  lymphatic  transport  capacity  is 
exceeded.  In  the  US,  lymphedema  occurs  most  commonly  as  a  complication  of  lymph  node 
dissection  for  cancer  treatment  and  affects  3-5  million  patients  resulting  in  significant  medical 
expenditures,  decreased  quality  of  life,  and  severe  soft  tissue  infections.  [1-3] 

Although  numerous  studies  have  shown  that  lymphedema  is  characterized 
histologically  by  chronic  inflammation  and  fibrosis,  [4-9]  the  etiology  of  this  disorder  remains 
unknown.  [10]  It  is  unclear,  for  instance,  why  an  identical  operation  leads  to  lymphedema  in 
some  patients  and  not  others.  Perhaps  the  most  perplexing  aspect  of  lymphedema  is  the  fact 
that  progressive  swelling,  in  most  cases,  occurs  in  a  delayed  fashion  1-5  years  after  surgery.  [11] 
These  clinical  features  suggest  that  injury  and  resultant  lymphatic  stasis  are  only  the  initiating 
events  and  that  other  pathologic  steps  are  required  for  lymphedema  development. 

Based  on  the  clinical  features  of  lymphedema,  we  hypothesized  that  lymphatic  stasis 
initiates  a  cycle  of  inflammation^  progressive  tissue  fibrosis  ^worsening  lymphatic 
function.  [12]  This  cycle,  over  time,  leads  to  end  organ  failure  of  the  lymphatic  system  and 
clinically  apparent  lymphedema.  This  hypothesis  is  supported  by  the  fact  that  fibrosis  is  a 
common  mode  of  organ  failure  and,  similar  to  lymphedema,  fibrotic  disorders  are  characterized 
by  inflammation,  replacement  of  parenchyma  with  scar,  and  progressive  organ  dysfunction.  [13] 
In  addition,  our  hypothesis  explains  the  delayed  development  of  lymphedema  after  injury  since 
the  progressive  fibrosis  necessary  to  cause  end  organ  failure  of  the  lymphatics  takes  time  to 
develop.  Fibrosis  also  provides  a  mechanism  for  the  known  risk  factors  of  lymphedema  such  as 
radiation,  obesity,  and  infection,  since  these  predisposing  conditions  contribute  either  directly 
or  indirectly  to  fibrosis.  [14,15] 
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The  purpose  of  this  study  was  to  identify  the  cellular  mechanisms  that  regulate  fibrosis 
and  lymphatic  dysfunction  in  response  to  lymphatic  stasis.  We  show  that  lymphatic  stasis 
results  in  chronic  T  cell  inflammation  and  a  mixed  T-helper-l/T-helper-2  (Thl/Th2)  response. 
In  addition,  we  show  that  inhibition  of  T  cell  inflammation  or  Th2  differentiation  significantly 
attenuates  the  initiation  and  progression  of  fibrosis,  improves  lymphatic  function,  and 
markedly  decreases  pathologic  tissue  changes,  suggesting  that  this  approach  can  serve  as  a 
novel  treatment  modality  for  lymphedema. 
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Results 


Sustained  lymphatic  stasis  results  in  CD4+  cell  inflammation 

To  determine  how  lymph  stasis  regulates  inflammation,  we  compared  the  effects  of 
temporary  and  sustained  lymphatic  stasis  using  a  mouse  tail  model  in  which  the 
superficial/ deep  lymphatics  are  excised,  and  the  wound  is  either  covered  with  collagen  gel  to 
accelerate  repair  (control)  or  left  open  to  delay  lymphatic  regeneration  (lymphedema.  Figure 
1A-I).[12,16,17] 

Six  weeks  following  surgery,  sustained  lymphatic  stasis  resulted  in  significantly 
increased  tail  edema,  decreased  lymphatic  function  (2.7-fold  decreased  uptake  of  and 

increased  CD45+  cell  inflammation  distal  to  the  zone  of  lymphatic  ligation  (4.3-fold  increase)  as 
compared  with  temporary  stasis  (all  p<0.01;  Figure  lA-B,  Supplemental  Figure  lA).  Gradients 
of  lymphatic  stasis  comparing  distal  to  proximal  regions  of  the  tail  within  the  lymphedema 
group  also  demonstrated  markedly  increased  infiltration  by  CD45+  (7.5-fold;  p<0.001)  and 
CD4+  cells  (4-fold;  p<0.001;  Figure  IC-D).  In  fact,  70%  of  the  CD45+  leukocytes  were  also  CD4+ 
(Supplemental  Figure  IB).  These  findings  were  confirmed  with  flow  cytometry  analysis 
comparing  proximal/ distal  regions  of  the  tail  (7.5-  and  38-fold  increase  in  %TCRP+  CD4+  cells  3- 
and  6-weeks  post-operatively,  respectively;  p<0.001;  Figure  1  E-F). 

Localization  of  Thl  (IFN-r/CD4+)  and  Th2  (IL13VCD4L  IL4L  or  GATA-3+)  cells 
demonstrated  a  mixed  Thl/Th2  inflammatory  response  to  sustained  stasis  (3.1-fold  increased 
Thl,  3.9-fold  increased  Th2;  p<0.001;  Figure  IG-H,  Supplemental  Figure  IC-E).  These  findings 
were  supported  by  western  blot  analysis  demonstrating  increased  Thl  and  Th2  cytokine 
expression  in  tissues  exposed  to  sustained  lymphatic  stasis  peaking  6  weeks  after  surgery 
(Figure  II,  Supplemental  Figure  IF). 
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Lymph  node  dissection  results  in  CD4+  cell  inflammation 

In  support  of  our  tail  model  findings,  we  found  an  11-  and  30-fold  increase  in  mature 
CD4+  cells  3  and  6  weeks  post-operatively,  respectively,  when  we  compared  mice  that  had 
undergone  axillary  lymph  node  dissection  (ALND)  with  those  treated  with  axillary  incision 
alone  (p<0.001;  Figure  2A-B).  Similarly,  both  Thl  and  Th2  cytokines  were  upregulated  (1.4- 
1.6x)  compared  with  controls  (Figure  2C). 

We  confirmed  these  findings  in  patients  with  upper  extremity  lymphedema  by 
comparing  matched  specimens  taken  from  lymphedematous  and  normal  arms.  In  this  analysis, 
lymphedema  was  associated  with  an  increased  number  of  CD4+  cells  (2.6-fold;  p=0.01),  the 
degree  of  CD4+  cell  inflammation  correlated  with  the  severity  of  lymphedema  (r=0.6332,  p<0.05; 
Figure  2D-E),  and  there  were  increased  numbers  of  IL4+  (1.5-fold,  p=0.018)  and  IL13+  cells  (2.3- 
fold,  p<0.001;  Figure  2F-G). 

CD4+  cells  are  necessary  for  fibrosis  and  lymphatic  dysfunction 

Using  our  tail  model  in  nude,  CD4  knockout  (CD4KO),  and  wild  type  mice,  we  found 
that  loss  of  T  cell  (nudes)  or  CD4+  cell  inflammation  decreased  tail  edema  (3-4  fold;  p<0.01), 
subcutaneous  tissue  thickness  (1.9-fold  nudes;  1.4-fold  CD4KO;  p<0.01),  and  CD45+  cell 
infiltrate  (p<0.001;  Figure  3A-D).  Nude  and  CD4KO  mice  also  had  less  tissue  fibrosis  (2-fold 
decreased  scar  index,  6-fold  decreased  type  I  collagen  deposition;  p<0.01)  and  markedly 
improved  lymphatic  function  (3-fold  increased  99mXc  uptake,  p<0.01;  Figure  3E-G).  Using 
microlymphangiography,  we  detected  capillary  lymphatic  flow  traversing  the  site  of  lymphatic 
incision  resulting  in  a  >4-fold  increase  in  proximal  tail  fluorescence  in  CD4KO  mice  compared 
to  controls  (p<0.001;  Figure  3H). 
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Inhibition  of  Th2  differentiation  decreases  initiation  and  progression  of 
fibrosis  &  improves  lymphatic  function 

To  test  the  hypothesis  that  Th2  differentiation  regulates  initiation  of  fibrosis  in  response 
to  lymphatic  stasis,  we  treated  wild  type  mice  with  isotype  control  or  monoclonal  neutralizing 
antibodies  against  IL4  or  IL13  (IL4mAb  or  IL13mAb)  beginning  immediately  after  tail 
skin/ lymphatic  excision.  As  expected,  neutralization  of  IL4  decreased  IgE  production, 
confirming  that  our  treatment  prevented  Th2  differentiation  since  class  switching  to  IgE  is  IL4 
dependent  (p<0.02;  Supplemental  Figure  2). [18]  Treatment  with  either  IL4mAb  or  IL13mAb 
markedly  decreased  tail  volumes  as  compared  with  controls  (5-fold  and  2.8-fold,  respectively, 
p<0.001;  Figure  4A-B).  Whereas  control  animals  developed  fixed  tail  contractures  due  to 
fibrosis  configuration),  the  tails  of  IL4mAb  or  IL13mAb-treated  animals  remained  pliable. 
Histologically,  IL4mAb  or  IL13mAb-treated  animals  had  significantly  decreased  subcutaneous 
edema/ adipose  deposition  (1.3  and  1.5-fold,  p<0.001  for  both),  scar  index  (2.5  and  1.3-fold 
(p<0.001,  p<0.03),  and  collagen  deposition  (1.7  and  1.3-fold)  although  the  effect  of  IL13mAb  on 
collagen  deposition  was  not  statistically  significant  (Figure  4C-E).  IL4  neutralization  decreased 
tissue  expression  of  CD45,  CD4,  IFN-y,  IL4,  and  IL13  as  well  as  peripheral  blood  concentrations 
of  IL4  and  IL13  (2.4  and  5.3-fold,  respectively;  p<0.01;  Figure  4F-G).  These  findings  were 
corroborated  by  decreased  numbers  of  Thl  and  Th2  cells  in  tail  tissues  from  IL4mAb-treated 
animals  (2-fold,  p<0.001;  Figure  4H).  Decreased  inflammation  and  fibrosis  in  IL4mAb-  or 
IL13mAb-treated  animals  was  associated  with  markedly  improved  lymphatic  function  (5-7-fold 
increased  99mXc  uptake,  p<0.01;  3.5-30-fold  increase  in  relative  proximal  fluorescence,  p<0.001; 
Figure  4I-J). 
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To  test  the  hypothesis  that  Th2  cytokines  also  regulate  the  progression  of  fibrosis  and 
lymphatic  dysfunction  once  established,  we  performed  tail  skin/ lymphatic  excisions  in  wild 
type  mice  and  waited  6  weeks  for  fibrosis  to  become  established  (i.e.  significantly  increased  tail 
volumes  from  baseline  and  fixed  contracture  deformity;  Figure  5A-B).  At  this  point,  animals 
were  randomized  into  groups  and  treated  either  with  IL4mAb  or  isotype  control  antibodies  for 
3  weeks,  followed  by  a  3  week  period  of  treatment  withdrawal.  We  chose  not  to  use  IL13mAb 
since  our  earlier  experiments  demonstrated  that  IL4  was  more  efficacious  in  preventing 
initiation  of  fibrosis. 

Measurement  of  tail  volumes  demonstrated  significant  improvements  in  animals  treated 
with  IL4mAb  (38%  decrease;  p<0.01)  as  compared  with  controls  (15%  decrease;  p=ns;  Figure 
5A-B).  IL4mAb  treatment  also  markedly  decreased  tissue  fibrosis  with  resolution  of  tail 
contracture;  whereas,  control  animals  had  persistent  tail  fibrosis.  These  observations  were 
confirmed  by  histological  analysis  demonstrating  significantly  decreased  subcutaneous  tissue 
thickness,  interstitial  edema,  and  adipose  deposition  in  IL4mAb  treated  animals  (1.4-fold;  40% 
reduction;  p<0.01;  Figure  5C).  Withdrawal  of  IL4mAb  did  not  result  in  recurrent  fibrosis, 
increased  tail  volumes,  or  increased  subcutaneous  tissue  thickness;  although,  this  analysis  was 
somewhat  weakened  by  the  fact  that  control  animals  also  had  minor,  though  non-significant, 
spontaneous  improvements  in  these  measures  by  12  weeks  post-operatively. 

IL4  neutralization  markedly  decreased  tail  tissue  inflammation  (1.4-2.1-fold  decreased 
CD45,  CD4,  IFN-y,  IL4,  and  IL13  expression  by  western  blot)  and  serum  levels  of  IgE  (2-fold, 
p<0.01)  and  IL13  (6-fold;  p<0.01;  Figure  5D-E,  Supplemental  Figure  2).  Differences  in  serum 
IL4  concentrations  did  not  quite  reach  statistical  significance.  IL4mAb  treatment  also 
significantly  decreased  the  number  of  Thl  (1.7-fold)  and  Th2  (2.1-fold)  cells  in  lymphedematous 
tissues  (p<0.01  for  both;  Figure  5F). 
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IL4  blockade  in  animals  with  established  lymphedema  significantly  decreased  tissue 
fibrosis  (2-fold  decreased  scar  index  and  type  I  collagen  deposition,  p<0.01  for  both)  and 
markedly  improved  lymphatic  function  (13-fold  increased  99mXc  uptake,  p<0.01;  3.1-fold 
increased  proximal  lymphatic  fluorescence,  p<0.03;  Figure  6A-D).  These  improvements 
persisted  even  after  treatment  withdrawal  (5-fold  increased  99mXc  uptake,  p<0.01;  2.9-fold 
increase  proximal  fluorescence,  p=0.07). 

We  have  previously  observed  that  fibrosis  in  the  mouse  tail  either  due  to  radiation  or 
skin/ lymphatic  excision  results  in  the  expression  of  a-sma  by  capillary  lymphatic  vessels  (an 
abnormal  finding  since  capillary  lymphatics  lack  pericyte  coverage). [16,1 7,1 9]  Consistent  with 
these  observations,  we  found  that  IL4  neutralization  for  6  weeks  decreased  the  number  of  a- 
sma+  capillary  lymphatics  compared  with  controls;  however,  this  difference  did  not  reach 
statistical  significance  (Figure  6E,  Supplemental  Figure  3A).  In  contrast,  animals  treated  with 
IL4mAb  for  3  weeks  after  development  of  established  lymphedema  had  significantly  fewer  a- 
sma+/LYVE-l+  capillary  lymphatics  (3.3-fold;  p<0.001).  This  finding  correlated  with  our 
observation  that  IL4mAb  treatment  resulted  in  decreased  type  I  collagen  deposition  around 
capillary  lymphatic  vessels  (Supplemental  Figure  3B). 

Inhibition  of  JAKl/2  does  not  prevent  fibrosis  or  preserve  lymphatic  function 

To  test  the  hypothesis  that  inhibition  of  fibrosis  is  specific  to  Th2  differentiation  rather 
than  a  generalized  anti-inflammatory  effect,  we  performed  tail  skin/ lymphatic  excision  on  wild 
type  mice  followed  by  treatment  with  either  with  an  inhibitor  of  JAKl/2  (AZD1480)  [20,21]  or 
vehicle  control  for  6  weeks.  We  chose  to  block  this  pathway  since  IL4/IL13  signal  through 
JAK3/STAT6  rather  than  JAK1/2/STAT3  and  because  JAKl/2  signaling  by  a  variety  of 
inflammatory  cytokines,  including  IL6,  is  an  important  regulator  of  acute/ chronic 
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inflammation.  [22]  This  is  relevant  to  lymphatic  stasis-induced  inflammation  since  we  have 
noted  that  IL6  expression  is  increased  in  our  tail  and  ALND  models  (unpublished  observations), 
and  Karlsen  et  al  have  shown  that  IL6  expression  is  significantly  increased  in  lymphedematous 
tissues  of  mice  with  congenital  lymphatic  abnormalities. [23] 

As  expected,  treatment  with  AZD1480  virtually  completely  blocked  STATS 
phosphorylation  (pSTATS)  by  western  blot  analysis  and  decreased  the  number  of  pSTAT3+  cells 
(2.8-fold,  p<0.001)  in  lymphedematous  tissues  (Figure  7A,  B).  Mice  treated  with  AZD1480  had 
no  gross  or  measureable  decrease  in  tail  swelling  and  no  difference  in  subcutaneous  tissue 
thickness/ interstitial  edema  compared  with  controls  (Figure  7C-E).  Importantly,  STATS 
inhibition  did  not  decrease  fibrosis  or  improve  lymphatic  function,  suggesting  that  these 
outcomes  are  specific  to  Th2  cytokines  (Figures  7F-H). 

Fibrosis  independently  inhibits  lymphatic  function 

We  have  previously  reported  that  inhibition  of  radiation-induced  fibrosis  significantly 
improves  lymphatic  transport,  suggesting  that  fibrosis  is  an  independent  regulator  of  lymphatic 
function.  [19]  To  further  test  this  hypothesis,  we  injected  bleomycin  intradermally  into  tails  of 
wild  type  mice  to  induce  fibrosis  without  skin/ lymphatic  excision.  [24]  Bleomycin  injection 
resulted  in  skin  and  soft  tissue  fibrosis  (2.2-fold  increased  scar  index;  1.4-fold  increased  collagen 
deposition;  p<0.01),  increased  subcutaneous  tissue  thickness/ interstitial  edema,  and  most 
importantly,  severely  impaired  lymphatic  function  (12-fold  decreased  99mXc;  p<0.001;  Figure  71- 
K,  Supplemental  Figure  4A-B).  Inhibition  of  bleomycin-induced  fibrosis  with  IL4mAb 
increased  99mXc  uptake  5-fold;  although,  this  difference  did  not  quite  reach  statistical 
significance.  However,  we  did  note  significantly  improved  lymphatic  function  using 
microlymphangiography  (3-fold  increase  in  fluorescence;  p<0.03)  and  increased  numbers  of 
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functional  lymphatics  as  assessed  by  FITC-conjugated  lectin  uptake  by  lymphatic  endothelial 
cells[25]  (1.5-fold  increase  in  lectin+/LYVE-l+  lymphatics,  p<0.01;  Figure  7K-L;  Supplemental 
Figure  4C).  Using  whole  mount  staining  with  FITC-conjugated  lectin,  we  found  that  IL4mAb- 
treated  animals  had  normal  appearing,  thin-walled  lymphatics  with  interconnections  (Figure 
7M).  In  contrast,  control  animals  displayed  distal  pooling  of  injected  lectin  and  markedly 
atrophic  superficial  lymphatic  vessels  lacking  interconnections. 

IL4  blockade  does  not  increase  VEGF-A  or  VEGF-C  expression 

We  have  previously  shown  that  lymphatic  stasis  regulates  lymphatic  function  by 
regulating  the  ratio  of  pro-  and  anti-lymphangiogenic  cytokine  expression  and  that  this  effect  is 
dependent  on  T  cell  inflammation.  [26]  Further,  we  and  others  have  shown  that  inhibition  of 
anti-lymphangiogenic  cytokines,  such  as  IFN-y  or  TGF-(31,  can  increase  lymphatic  function 
independent  of  significant  changes  in  lymphangiogenesis  or  VEGF-A/ C 
expression.  [12,17,26,27]  Consistent  with  these  observations,  we  found  that  treatment  with 
IL4mAb  was  not  associated  with  significant  changes  in  the  number  of  lymphatic  vessels  or 
expression  of  lymphatic  markers  (LYVE-1  or  PROXl)  in  the  regions  of  the  tail  immediately 
distal  to  the  wound;  however,  IL4mAb-treated  animals  more  commonly  exhibited  lymphatic 
vessels  traversing  the  wound  (Figure  8A-D,  Supplemental  Figure  5).  In  fact,  we  noted  a 
paradoxical  slight  increase  in  LYVE-1  and  PROXl  expression  in  control  animals  treated  with 
IL4mAb  after  lymphedema  was  established. 

Consistent  with  the  lack  of  difference  in  lymphatic  vessel  counts,  we  found  that  protein 
expression  of  lymphangiogenic  growth  factors  was  little  changed  (VEGF-A,  VEGF-C)  or 
paradoxically  decreased  (hepatocyte  growth  factor,  HGF)  by  IL4mAb  treatment  regardless  of  the 
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time  of  treatment  initiation  (Figure  8E-F).  In  contrast,  the  expression  of  anti-lymphangiogenic 
cytokines  such  as  IFN-yor  TGF-pi  was  markedly  decreased  in  IL4mAb  treated  animals. 

Using  an  inflammatory  lymph  node  lymphangiogenesis  model  to  avoid  potential 
confounding  effects  of  wound  healing,  we  found  that,  in  contrast  to  our  tail  model,  IL4 
neutralization  significantly  increased  lymph  node  lymphatic  vessel  density  2  weeks  after 
CFA/OVA  injection  in  the  paw  (p<0.001;  Figure  8G).  Ffowever,  consistent  with  our  tail  model, 
IL4mAb  treatment  did  not  increase  VEGF-A  or  VEGF-C  protein  expression  (Figure  8H). 
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Discussion 


Our  findings  support  the  hypothesis  that  the  pathophysiology  of  lymphedema  is  related 
to  progressive  lymphatic  dysfunction  occurring  as  a  consequence  of  a  CD4+  inflammation,  Th2 
differentiation,  and  fibrosis.  The  importance  of  T  cell  inflammation  in  this  sequence  is 
highlighted  by  the  observation  that  CD4+  inflammatory  responses  are  a  key  difference  between 
temporary  and  sustained  lymphatic  stasis,  as  well  as  the  fact  that  loss  of  T  cells  or  CD4+  cells 
markedly  decreased  inflammation,  decreased  fibrosis,  and  improved  lymphatic  function.  The 
conclusion  that  lymphatic  stasis  initiates  pathologic  changes  by  inducing  inflammation  is  also 
consistent  with  previous  studies  demonstrating  that:  1.)  Lymphatic  stasis  potently  induces  the 
expression  of  endogenous  danger  signals  [28]  and  upregulates  the  expression  of  inflammation 
and  fibrosis  regulatory  genes  both  clinically  and  in  the  mouse  tail  model;  [29]  2.)  Lymphedema 
is  clinically  associated  with  mononuclear  cell  tissue  inflammation[5]  and  increased  numbers  of 
T  lymphocytes  in  the  lymphatic  fluid;  [30]  and  3.)  Lymphedema-associated  inflammation  is 
markedly  decreased  by  decongestive  therapy  and  resultant  decreased  limb  swelling.  [31] 

Our  study  also  suggests  that  fibrosis  is  a  critical  step  in  the  pathologic  sequence  of 
lymphedema  and  that  this  response  is  dependent  on  Th2  differentiation.  This  hypothesis  is 
supported  by  our  observation  that:  1.)  Inhibition  of  T  cell  inflammation  or  Th2  differentiation 
but  not  generalized  inflammation  (JAK1/2/STAT3  inhibitor)  markedly  decreases 
initiation/ progression  of  fibrosis  and  improves  lymphatic  function;  2.)  Bleomycin-induced 
fibrosis  independently  impairs  lymphatic  function  and  this  effect  is  partially  mitigated  by 
IL4mAb;  and  3.)  Sustained  lymphatic  stasis  is  associated  with  fibrosis  of  lymphatic  capillaries. 
The  fibrosis  hypothesis  is  also  supported  by  our  previous  studies  demonstrating  that  inhibition 
of  fibrosis  (resulting  from  lymphatic  vessel  ligation  or  radiation)  using  therapies  aimed  at  the 
pro-fibrotic  growth  factor  TGF-(31  markedly  improves  lymphatic  function,  decreases  T  cell 
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inflammation,  and  markedly  down-regulates  IL4/IL13  expression,  suggesting  that  TGF-pi  and 
Th2  responses  have  independent  and  interactive  roles  in  this  process.  [12,16,17,19]  Our  results 
are  also  consistent  with  the  fact  that  bleomycin-induced  lung  fibrosis  is  attenuated  in  nude 
mice[32]  or  mice  depleted  of  CD4+  T  cells. [33]  The  finding  that  the  composition  of  the 
extracellular  matrix  (ECM)  can  directly  regulate  interstitial  fluid  flow  by  altering  the  hydraulic 
conductivity  of  the  skin,  [34]  possibly  as  a  consequence  of  changes  in  the  compliance  of 
lymphatic  vessels  [35]  and  their  connection  to  the  ECM  by  anchoring  filaments,  [36]  also 
supports  the  concept  that  fibrosis  or  mechanical  changes  in  the  ECM  can  regulate  lymphatic 
function.  This  hypothesis  is  further  directly  supported  by  clinical  anatomic  studies 
demonstrating  encasement  of  lymphatics  in  fibrotic  shells  in  patients  with  chronic 
lymphedema.  [5,6]  Based  on  these  findings,  we  hypothesize  that  lymphedema  develops  in  a 
subset  of  patients  as  a  consequence  of  cumulative  loss  of  lymphatic  function  resulting  from 
lymphatic  injury  in  combination  with  progressive  fibrosis-induced  lymphatic  dysfunction 
(Figure  81).  In  other  patients,  lymphedema  does  not  develop  due  to  spontaneous  resolution  of 
lymphatic  stasis  (i.e.  regeneration  or  lymphatic  by-pass  channels)  [37]  or  inhibition  of  fibrosis 
resulting  from  other  variables. 

The  finding  that  targeted  blockade  of  the  Th2  response  can  prevent 
initiation/ progression  of  fibrosis  and  improve  lymphatic  function  is  important  and  clinically 
relevant  since  it  suggests  for  the  first  time  that  inhibiting  tissue  changes  that  occur  in  response 
to  stagnating  lymphatic  fluid  can  be  a  means  of  preventing  or  treating  lymphedema.  These 
findings  are  consistent  with  other  fibrotic  disorders  involving  the  lung,  liver,  skin,  and 
radiation-induced  fibrosis  demonstrating  that  inhibition  of  Th2  cytokines  can  decrease  ECM 
deposition  and  preserve  functional  tissue  parenchyma.  The  fact  that  targeting  Th2 
inflammation  can  markedly  improve  lymphatic  function  is  important  since  broad  spectrum 
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anti-inflammatory  treatments  (e.g.  corticosteroids)  are  not  clinically  applicable,  as  these 
interventions  have  significant  deleterious  effects  on  wound  healing  and  other  biologic 
processes.  In  fact,  Rockson  et  al  have  shown  that  targeted  inhibition  of  TNF-a,  a  cytokine  with 
critical  roles  in  acute  inflammatory  reactions,  paradoxically  results  in  increased  inflammation 
and  worsening  lymphedema  in  the  mouse  tail,  suggesting  that  some  inflammation  is  necessary 
for  wound  healing  and  lymphangiogenesis  to  occur.  [39] 

Although  it  is  clear  that  VEGF-C  is  necessary  for  lymphatic  regeneration  in  most  settings, 
it  is  also  clear  that  this  stimulus  is  not  sufficient  to  restore  lymphatic  function  in  the  context  of 
lymphatic  stasis,  suggesting  that  other  stimuli  actively  or  passively  inhibit  this  process. [40,41] 
These  findings  are  consistent  with  previous  reports  from  our  lab  and  others  demonstrating  that 
inhibition  of  anti-lymphangiogenic  cytokines  can  augment  lymphatic  function  even  in  the 
context  of  normal  or  decreased  VEGF-C  expression.  [12,17,26,27,42]  Similarly,  in  the  current 
study,  we  noted  that  IL4  neutralization  improved  lymphatic  function  in  the  mouse  tail  and 
increased  lymph  node  lymphangiogenesis  without  significantly  changing  the  expression  of 
lymphangiogenic  cytokines.  This  is  critical  since  previous  experimental  strategies  for  treating 
lymphedema  have  focused  on  repairing  surgically  damaged  lymphatics  using  lymphangiogenic 
cytokines  (e.g.  VEGF-C);[25]  however,  these  approaches  are  contraindicated  in  most  cancer 
patients  since  these  molecules  also  potently  promote  tumor  growth/ metastasis. [43-46] 
Therefore,  the  use  of  targeted  anti-fibrotic  strategies  may  enable  treatment  of  cancer  survivors 
without  increasing  oncologic  risks. 
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Materials  and  Methods 


Animal  models 

We  used  a  well-described  mouse  tail  model  [12,16,17,28,47,48]  in  10-14week  old  female 
mice  (C57BL/6J,  Nude  (B6.Cg-Foxnlnu),  CD4KO  (CBY.129S2(B6)-Cd4toin.ak/j)^  or  IL4-GFP; 
Jackson  Labs,  Bar  Harbor,  ME)  to  study  the  effects  of  lymphatic  stasis  on  inflammation  and 
tissue  fibrosis.  Briefly,  lymphatic  stasis  in  the  tail  was  induced  by  excising  a  2mm 
circumferential  segment  of  skin  and  deep  lymphatics  20  mm  from  the  base  of  the  tail.  [17]  The 
wound  was  then  covered  with  or  without  0.1%  rat  tail  collagen  (Sigma- Aldrich,  St.  Louis,  MO) 
and  sterile  dressings  for  5  days.  We  have  previously  shown  that  collagen  in  this  model 
accelerates  lymphatic  regeneration  resulting  in  temporary  lymphatic  stasis.  In  contrast,  wounds 
treated  without  collagen  have  delayed  lymphatic  repair  and  sustained  lymphatic 
stasis.  [12,16,17,49]  Axillary  lymph  node  dissection  (ALND)  was  performed  in  adult  female 
C57BL/6J  mice  as  previously  described. [28,49]  Control  mice  underwent  axillary  skin  incision 
without  lymph  node  removal. 

Bleomycin-induced  skin  fibrosis  was  performed  using  a  modification  of  a  previously 
reported  model.  [50]  Briefly,  10  |il  bleomycin  (0.5  U/ml,  Sigma- Aldrich)  was  intradermally 
injected  on  the  superior  and  inferior  aspect  of  the  tail  20  mm  distal  to  the  base  twice  weekly  for 
14  days;  control  animals  were  injected  with  phosphate  buffered  saline  (PBS).  All  animal  studies 
were  approved  by  the  Resource  Animal  Research  Center  lACUC  at  Memorial  Sloan-Kettering 
Cancer  Center. 

Antibodies  and  Inhibitors 
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We  used  well-described  monoclonal  antibodies  against  mouse  IL4  (clone  llBll;  5 
|ig/g/dose;  Bio-X-cell,  West  Lebanon,  NH)  or  rat  monoclonal  antibody  against  mouse  IL13 
(clone  38213;  5  |Lig/  g;  R&D  Systems,  Minneapolis,  MN)  administered  intraperitoneally.  [51,52] 
Controls  were  treated  with  similar  doses  of  isotype  control  antibodies  (Bio-X-cell).  To 
determine  the  role  of  IL4  in  the  initiation  of  fibrosis,  C57BL/  6J  mice  were  treated  with  IL4mAb, 
IL13mAb,  or  isotype  control  antibodies  24  hours  prior  to,  then  weekly  (IL4mAb)  or  every  4  days 
(IL13mAb)  for  6  weeks  following  tail  skin/ lymphatic  excision.  To  determine  the  role  of  IL4  in 
progression  of  established  fibrosis,  wild  type  mice  underwent  tail  skin/ lymphatic  excision  and 
were  allowed  to  recover  for  6  weeks.  Animals  were  then  randomized  to  receive  either  IL4mAb 
or  isotype  control  antibody  weekly  for  3  weeks.  A  subset  of  this  group  was  sacrificed  at  this 
time  point,  while  other  animals  were  followed  for  an  additional  3  weeks  after  completion  of 
treatment.  A  minimum  of  6-8  animals  was  evaluated  in  each  group. 

We  used  our  previously  described  inflammatory  lymph  node  lymphangiogenesis  model 
to  determine  the  role  of  IL4  in  this  process.  [26,28,49]  Briefly,  a  mixture  of  2% 
ovalbumin/ complete  freund's  adjuvant  (OVA/ CFA)  was  injected  in  the  hind  paw  of  adult 
female  C57BL/ 6J  mice.  Animals  were  then  immediately  treated  with  IL4mAb  (5  pg/  g  weekly) 
or  isotype  control  followed  by  weekly  treatments  for  2  weeks  after  which  time  popliteal  lymph 
nodes  were  harvested  and  analyzed. 

To  determine  the  effects  of  non-specific  inflammation  in  the  regulation  of  fibrosis,  we 
used  a  well-described  small  molecule  inhibitor  of  the  JAKl/2  signaling  (AZD1480,  Astra¬ 
Zeneca  Wilmington,  DE). [20,21]  C57BL/6Jmice  were  administered  60  mg/kg  AZD1480  (in 
0.5%  HPMC/ 0.1%  Tween80)  or  vehicle  control  daily  by  oral  gavage  for  6  weeks  beginning 
immediately  after  tail  skin/ lymphatic  excision. 
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Evaluation  of  lymphatic  function 

Tail  volumes  were  determined  from  tail  circumference  measurements  made  by  blinded 
reviewers  at  10  mm  intervals  using  the  truncated  cone  formula  as  previously  reported.  [17] 
Subcutaneous  tissue  thickness  was  measured  from  the  basal  layer  of  epidermis  to  the 
underlying  fascia  of  histological  cross-sections  10  mm  distal  to  the  surgical  site  by  blinded 
reviewers  at  2X  magnification  in  a  minimum  of  4  areas/  animal  (Mirax  Imaging  Software,  Carl 
Zeiss,  Munich,  Germany). 

Microlymphangiography  was  performed  to  evaluate  gross  structure  and  function  of 
capillary  lymphatics  by  injection  of  fluorescein  isothiocyanate  (FITC)-conjugated  dextran  (2,000 
kDa,  10  mg/ ml,  Invitrogen)  using  our  previous  methods.  [12,26,47,49]  FITC-dextran  was 
visualized  15  minutes  following  injection  at  10  mm  intervals  along  the  tail  using  the  Lumar 
Stereoscope  (Carl  Zeiss  Inc,  Peabody,  MA)  and  Metamorph  imaging  software  (Molecular 
Devices,  Sunnyvale  CA),  keeping  exposure,  gain,  and  magnification  constant.  Uptake  of  FITC- 
Dextran  in  the  proximal  region  of  the  tail  was  calculated  using  Metamorph  and  expressed  as  the 
ratio  of  average  pixel  intensity  of  regions  proximal  and  distal  to  the  surgical  site  15  minutes 
after  injection. 

Lymphoscintigraphy  was  performed  to  quantify  lymphatic  flow  by  injecting  50|li1  of 
technetium  Tc  99m  )  sulfur  colloid  in  the  distal  tail  as  previously  described.  [12]  Peak 

lymph  node  uptake  was  calculated  using  X-SPECT  camera  (Gamma  Medica,  Northridge,  CA) 
and  region-of-interest  analysis  performed  to  derive  decay-adjusted  activity  using  ASIPro 
software  (CTI  Molecular  Imaging,  Knoxville,  TN).  Functional  lymphatic  vessel  staining  was 
performed  by  injecting  tomato  lectin  (1  mg/  ml.  Sigma)  20mm  to  the  distal  tip  of  the  tail 
followed  by  sacrifice  45  minutes  later  as  previously  described.  [25] 
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Immunohistochemistry 

Tissues  were  fixed  in  4%  paraformaldehyde,  decalcified  in  Immunocal  (Decal  Chemical 
Corporation,  Tallman,  NY),  and  embedded  in  paraffin  or  OCT  (Sigma- Aldrich). 

Immunohistochemical  staining  was  performed  using  our  previous  methods.  [12,17] 
Lymphatic  vessels  were  identified  using  podoplanin  or  LYVE-1  antibodies  (Abeam,  Cambridge, 
MA).  Inflammatory  cells  were  identified  using  antibodies  against  CD45  (R&D  Systems, 
Minneapolis,  MN),  CD4  (Abeam),  CDS  (Abeam),  IL4  (Abeam),  IL13  (R&D),  IFN-y  (Abeam),  and 
pSTAT3  (Abeam).  Appropriate  horseradish-peroxidase-conjugated  secondary  antibody 
(Vector,  Burlingame,  CA)  was  applied  and  sections  were  developed  with  diaminobenzamine 
(DAB;  Vector).  Negative  control  sections  were  incubated  with  isotype  control  antibody  or 
secondary  antibody  alone.  Bright-field  images  were  obtained  using  a  Leica  TCS  microscope 
and  imaged  with  a  Mirax  slide  scanner  (Carl  Zeiss). 

Confocal  microscopy  for  antigen  co-localization  (LYVE-1  and  a-smooth  muscle  actin 
(SMA;  Abeam),  or  CD4  and  IFN-y  or  IL13)  was  performed  as  previously  described  and  was 
visualized  using  Nuance  Multispectral  imaging  System  (LOT  Oriel  Group,  Daimstadt, 
Germany). [12,17]  Specificity  was  confirmed  using  single-stained  sections  and  negative  controls. 
Images  were  captured  using  an  Axioskope  (Carl  Zeiss). [12,17]  Lymph  node  lymphatic  vessel 
density  was  determined  using  Metamorph'^^  Offline  software  and  expressed  relative  to  node 
area  (vessels/ mm^)  as  previously  described.  [28] 

Fibrosis  was  assessed  using  our  previously  published  methods  to  quantify  Sirius  Red 
staining  and  type  I  collagen  immunohistochemistry.  [12,16,17]  Sirius  red  (Sigma)  scar  index  was 
calculated  using  polarized  light  microscopy  to  calculate  the  ratio  of  orange/ red  to  yellow/  green 
birefringence  and  analyzed  using  Metamorph'^^  Offline  software.  Type  I  collagen 
immunohistochemistry  was  performed  using  an  antibody  to  mouse  type  I  collagen  (Abeam) 
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and  quantified  as  a  ratio  of  the  area  of  positively-stained  dermis  and  subcutaneous  tissue  within 
a  fixed  threshold  to  total  tissue  area/HPF. 

Human  Lymphedema  Samples 

Thirteen  patients  with  post-surgical  upper  extremity  lymphedema  (grade  I-III)  were 
identified  at  the  Stanford  Center  for  Lymphatic  and  Venous  Disorders.  Full-thickness  5  mm 
skin  punch  biopsies  were  obtained  from  identical  locations  of  the  lymphedematous  and 
contralateral  normal  limb.  Immunohistochemistry  using  antibody  against  human  CD4,  IL4, 
and  IL13  (all  from  Abeam)  was  conducted  on  all  specimens  and  correlation  made  to 
lymphedema  grade.  The  number  of  positive  cells  was  calculated  in  a  minimum  of  3  high- 
powered  fields  (HPF)/ patient/ limb  by  2  blinded  reviewers  using  a  Leica  TCS  microscope. 
Results  are  expressed  as  the  number  of  positive  cells/ mm^  or  per  HPF.  The  Institutional 
Review  Boards  of  Stanford  University  and  Memorial  Sloan-Kettering  Cancer  Center  approved 
all  studies. 

Flow  cytometry 

One  centimeter  skin/  subcutaneous  sections  were  harvested  from  regions  located  15mm 
proximal  or  distal  to  the  wound  in  the  tail  or  axilla  of  mice  3  or  6  weeks  following  surgery  and 
digested  with  Collagenase  P  (n=3-5  animals/ group/ time  point).  Cell  suspensions  were  stained 
with  fluorophore-conjugated  antibodies  to  CD4  and  TCRp  (Biolegend,  San  Diego,  CA)  and 
analyzed  using  a  FACSCalibur  flow-cytometer  (BD  Biosciences,  San  Jose,  CA).  Results  were 
analyzed  using  Flowjo  software  (Tree  Star,  Ashland,  OR)  to  calculate  the  percentage  of  CD4+ 
and  CD4+/TCRp+  lymphocytes  by  gating  on  lymphocyte  populations. 
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Western  Blot  Analysis,  ELISA 


Skin/  subcutaneous  tissues  were  isolated  from  the  tail  or  upper  extremity  15mm  distal  to 
the  wound  margin,  lysed  in  buffer  (Thermofisher,  Waltham,  MA),  and  quantified  using  the 
Bradford  method  (Biorad,  Hercules,  CA).  Western  blots  were  performed  using  our  previous 
methods  to  quantify  expression  of  CD45,  CD4,  IL4,  IFN-y,  IL13,  and  TGF-pi,  VEGF-C,  VEGF-A, 
LYVE-1,  PROXl  and  hepatocyte  growth  factor  (HGF;  all  from  Abeam). [49]  Equal  loading  was 
confirmed  with  Actin  (Abeam)  and  relative  changes  in  band  density  was  determined  as  a  ratio 
of  mean  band  density  and  normalized  to  actin  using  ImageJ  software 

(http://rsbweb.nih.gov/ij/).  All  experiments  were  performed  in  triplicate.  For  ELISA,  serum 
was  isolated  from  peripheral  blood  (n=3-5  animals/ group)  and  analyzed  to  quantify  IgE,  IL4, 
and  IL13  according  to  the  manufacturer's  directions  (eBioscience,  San  Diego,  CA). 

Statistical  analysis 

The  Student's  T-test  was  used  to  compare  differences  between  2  groups.  Multi-group 
comparisons  were  performed  using  analysis  of  variance  (ANOVA)  with  the  Tukey-Kramer 
post-hoc  test.  Analysis  of  clinical  lymphedema  samples  was  performed  using  the  Wilcoxon 
matched  pair  T-test.  Correlation  between  lymphedema  grade  and  CD4+  infiltrate  was 
evaluated  by  Spearman  correlation.  Data  are  presented  as  mean  ±  standard  deviation  unless 
otherwise  noted  with  p<0.05  considered  significant. 
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Figure  Legends 


Figure  1.  Sustained  lymphatic  stasis  results  in  CD4+  cell  inflammation. 

A.  Photograph  6  weeks  post-operatively  comparing  temporary  (control)  and  sustained 
lymphatic  stasis  (lymphedema). 

B.  Heat  maps  (above)  and  peak  lymph  node  uptake  of  99mXc  by  sacral  lymph  nodes 
(arrows)  after  distal  injection. 

C.  CD4+  cell  counts  proximal/ distal  to  the  wound. 

D.  Representative  2x  (upper)  and  40x  (magnification  of  boxed  area;  lower)  longitudinal 
sections  demonstrating  CD4+  staining  in  an  excision  animal  (wound=brackets). 

E. F.  Representative  flow  cytometry  analysis  (E)  and  quantification  of  triplicate  experiments 

demonstrating  mature  T-helper  cells  (TCRp+/ CD4+)  in  proximal/  distal  tail  regions  tail 
3/6  weeks  post-operatively. 

G,H.  Cell  counts  of  Thl  (G;  IFN-y^/CD4+)  and  Th2  (H;  IL13+/CD4+)  in  proximal/ distal  tail 
regions  tail  6  weeks  after  surgery. 

I.  Representative  western  blot  of  protein  from  tissues  harvested  6  weeks  post-operatively 
15  mm  distal  (dashed  line)  to  the  wound  (arrow).  Relative  fold-increase  comparing 
lymphedema  groups  to  controls  is  shown. 


Figure  2.  Lymph  node  dissection  results  in  CD4+  cell  inflammation. 

A,B.  Representative  flow  cytometry  analysis  (A)  and  quantification  of  triplicate  experiments 
(B)  demonstrating  mature  T-helper  cells  in  tissues  harvested  from  upper  extremities  of 
mice  following  ALND  or  axillary  incision  (sham)  3/6  weeks  post-operatively. 
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C.  Representative  western  blot  of  protein  harvested  from  the  upper  extremity  6  weeks 
post-operatively  with  relative  fold-increase  comparing  ALND  to  sham. 

D.  Number  of  CD4+  cells  in  normal  and  lymphedematous  upper  extremities  of 
lymphedema  patients. 

E.  Correlation  of  the  number  of  CD4+  cells  in  the  lymphedematous  limb  with  severity  of 
lymphedema. 

F. G.  Number  of  IL4+  cells/mm^  (F)  and  IL13+  cells/ mm^  (G)  in  normal  and 

lymphedematous  upper  extremities  of  patients  with  lymphedema. 

Figure  3.  CD4+  cells  are  necessary  for  fibrosis  and  lymphatic  dysfunction. 

A.  Representative  photographs  of  nude,  CD4KO,  and  wild  type  mouse  tails  6  weeks  after 
tail  skin/ lymphatic  excision.  Note  fixed  contracture  of  wild  type  tail. 

B.  Tail  volume  changes  (%  change  from  pre-operative)  6  weeks  after  surgery. 

C.  Subcutaneous  tissue  thickness  and  representative  cross-sectional  histology  6  weeks 
after  surgery.  Gross  photograph  is  shown  for  orientation  and  site  of  tissue  harvest 
(dashed  line).  Note  markedly  decreased  subcutaneous  adipose  deposition  and  edema 
(brackets)  in  nude  and  CD4KO  mice. 

D.  CD45  cell  counts  and  representative  photomicrographs  (40X)  in  distal  tail  tissues  of 
CD4KO  and  wild  type  mice  6  weeks  post-operatively. 

E.  Scar  index  and  representative  histology  (40X)  of  distal  tail  tissues  6  weeks  post- 
operatively. 

F.  Collagen  deposition  and  representative  histology  (20X)  of  distal  tail  tissues  6  weeks 
post-operatively. 

G.  Peak  nodal  uptake  of  99mXc  injected  in  the  distal  tail  6  weeks  after  surgery. 
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H.  Proximal  tail  fluorescence  (%  of  proximal  fluorescence  as  a  function  of  distal 
fluorescence)  6  weeks  after  surgery  comparing  CD4KO  and  wild  type  mice. 

Figure  4.  Inhibition  of  Th2  differentiation  prevents  initiation  of  fibrosis  and 
improves  lymphatic  function. 

A.  Representative  photographs  of  tails  from  animals  treated  with  IL4mAb,  IL13mAb,  or 
isotype  control  antibodies  (control)  for  6  weeks  beginning  immediately  after  tail 
skin/ lymphatic  excision.  Note  lack  of  fibrotic  contracture  in  the  tails  of  IL4/IL13mAb 
treated  mice  as  compared  to  fixed  contracture  of  controls. 

B.  Tail  volume  changes  (%  change  from  pre-operative)  6  weeks  after  surgery. 

C.  Subcutaneous  tissue  thickness  and  representative  cross-sectional  histology  6  weeks 
after  surgery.  Note  marked  decreased  adipose  deposition  and  edema  in 
IL4mAb/IL13mAb  treated  mice  (brackets). 

D.  Scar  index  and  representative  histology  (40X)  of  distal  tail  tissues  6  weeks  post- 
operatively. 

E.  Collagen  deposition  and  representative  histology  (20X)  of  distal  tail  tissues  6  weeks 
post-operatively. 

F.  Western  blot  analysis  of  distal  tail  tissues  harvested  15mm  distal  to  the  wound 
(wound=arrow  in  photograph;  harvest  site=dotted  line)  comparing  IL4mAb  and 
control  animals  6  weeks  after  surgery.  Fold  decrease  in  expression  in  IL4mAb  animals 
relative  to  controls  is  shown. 

G.  Serum  IL4  and  IL13  levels  in  animals  treated  with  IL4mAb  or  isotype  control  antibody 
6  weeks  after  surgery. 
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H.  Number  of  Thl  (IFN-y^/CD4+)  and  Th2  (IL13+/ CD4+)  cells  in  distal  tail  tissues  of 
lL4mAb  and  control  antibody-treated  animals  6  weeks  post-operatively. 

I.  Representative  heat  maps  (above)  and  peak  nodal  uptake  of  99mXc  in  sacral  lymph 
nodes  (white  arrows)  following  distal  tail  injection  6  weeks  after  surgery. 

J.  Representative  microlymphangiography  and  calculation  of  proximal  tail  fluorescence 
(%of  proximal  fluorescence  as  a  function  of  distal  fluorescence)  6  weeks  after  surgery. 

Figure  5.  Inhibition  of  Th2  differentiation  decreases  established  lymphedema. 

A-C.  Representative  photographs  (A),  tail  volumes  (B),  and  subcutaneous  tissue  thickness 
(C)  of  tails  from  animals  6  weeks  after  skin  excision/ lymphatic  disruption  (pre-tx), 
following  3  week  treatment  with  1L4/ control  antibodies  (post-tx)  beginning  6  weeks 
after  surgery,  and  following  an  additional  3  week  treatment  withdrawal  (post-tx 
withdrawal). 

D.  Western  blot  of  distal  tail  tissues  from  animals  following  3  week  treatment  course  with 
1L4/ control  antibodies  beginning  6  weeks  post-operatively  (fold-decrease=normalized 
expression  from  lL4mAb-treated  animals  relative  to  controls). 

E.  Serum  1L4  and  1L13  levels  in  animals  post-treatment  with  1L4/ control  antibodies  for  3 
weeks. 

F.  Number  of  Thl/Th2  cells  in  distal  tail  tissues  post-treatment  with  1L4/ control 
antibodies. 

Figure  6.  Inhibition  of  Th2  differentiation  decreases  established  fibrosis  and 
improves  lymphatic  function. 
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A,B.  Scar  index  (A;  representative  40x  views)  and  collagen  staining  (B;  representative  20x 
views)  of  distal  tail  tissues  post-treatment  with  IL-4/ control  antibodies. 

C.  Representative  heat  maps  (above)  and  peak  nodal  uptake  of  99mXc  in  sacral  lymph 
nodes  following  distal  tail  injection  post-treatment  (Ab  Tx)  and  following  treatment 
withdrawal  (Tx  withdrawal). 

D.  Representative  microlymphangiography  and  proximal  tail  fluorescence  post-treatment 
(Ab  Tx)  and  following  treatment  withdrawal  (Tx  withdrawal)  with  IL4/control 
antibodies. 

E.  Number  of  a-sma+  capillary  lymphatic  vessels/hpf. 

Figure  7.  Inhibition  of  JAKl/2  does  not  prevent  fibrosis  or  preserve  lymphatic 
function. 

A,B.  pSTAT3  cell  counts  (A)  and  representative  western  blot  of  pSTAT3  and  total  STAT3  (B) 
in  distal  tail  tissues  of  JAKl/2  inhibitor-  or  control-treated  animals. 

C.  Representative  photographs  of  JAKl / 2  inhibitor  or  control-treated  mouse  tails  6 
weeks  post-operatively. 

D, E.  Change  in  tail  volume  (D)  and  subcutaneous  tissue  thickness  (E)  in  JAKl  /  2  inhibitor 

or  control  treated  mice  6  weeks  postoperatively. 

F. G.  Scar  index  (F;  representative  40x  views)  and  collagen  staining  (G;  representative  20x 

views)  of  distal  tail  tissues  following  treatment  with  JAKl  /  2  inhibitor  or  control  6 
weeks  post-operatively. 

H.  Peak  nodal  uptake  of  in  JAKl  /  2  inhibitor  or  control-treated  animals  6  weeks 

post-operatively. 
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I.  Subcutaneous  tissue  thickness  of  animals  treated  with  bleomycin  or  phosphate- 
buffered  saline  (PBS). 

J, K.  Peak  nodal  uptake  of  99mXc  by  sacral  lymph  nodes  (J)  and 

microlymphangiography/ proximal  fluorescence  (K)  in  animals  treated  with 
bleomycin,  bleomycin  and  IL-4mAb,  or  PBS  control. 

L,M.  Quantification  of  lectin+  capillary  lymphatics  (L;  %  of  total  lymphatics)  and 
representative  whole  mount  lectin  stain  (M)  in  bleomycin/ IL4mAb  and 
bleomycin/ control  antibody-treated  animals.  White  arrows  are  capillary  lymphatics; 
dotted  circles  represent  pooled  areas  of  lectin  in  interstitial  space. 

Figure  8.  IL4  blockade  does  not  increase  VEGF-A  or  VEGF-C  expression 

A,  B.  LYVE-1+  (A)  and  Podoplanin+  (B)  vessel  counts  in  IL4/control  antibody- treated 

animals  beginning  immediately  after  surgery  and  continued  for  6  weeks  (initiation)  or 
beginning  6  weeks  after  surgery  and  continued  for  3  weeks  (progression). 

C.  Representative  western  blots  (of  triplicate  experiments)  for  LYVE-1  and  PROXl 
expression  in  distal  tail  protein  of  animals  treated  with  IL4mAb/ control  antibody  for  6 
weeks  beginning  immediately  after  surgery  (left)  or  after  treatment  with 

IL4mAb/ control  antibodies  for  3  weeks  beginning  6  weeks  post-operatively  (right). 
Normalized  fold-increase  in  expression  relative  to  controls  is  shown. 

D.  Representative  40x  photomicrograph  of  wound  area  following  treatment  with 
IL4mAb/ control  antibody  for  6  weeks  beginning  immediately  after  surgery.  Arrow 
shows  lymphatic  vessel  crossing  the  wound. 

E.  F.  Representative  western  blots  (of  triplicate  experiments)  from  distal  tail  protein  isolated 

from  animals  treated  with  IL4mAb/ control  antibody  for  2  or  6  weeks  beginning 
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immediately  after  surgery  (D;  Initiation  of  fibrosis)  or  after  treatment  with  IL- 
4/ control  antibodies  for  3  weeks  beginning  6  weeks  after  surgery  (E;  Progression  of 
fibrosis).  Normalized  fold-increase  in  expression  relative  to  controls  is  shown. 

G.  LYVE-1+  lymphatic  vessel  density  and  representative  photomicrographs  of  popliteal 
lymph  nodes  harvested  from  animals  treated  with  IL4mAb/ control  antibodies  2 
weeks  post-CFA/OVA  injection  into  hind  paw. 

H.  Expression  of  VEGF-A/C  (by  ELISA)  in  popliteal  lymph  nodes  harvested  from 
animals  treated  with  IL4mAb/ control  antibodies  2  weeks  post-CFA/ OVA  injection 
into  the  hind  paw. 

I.  Schema  depicting  proposed  mechanism  of  lymphedema  development  in  response  to 
lymphatic  fluid  stasis. 

Supplemental  Figure  1. 

A.  Number  of  CD45+  cells/ hpf  in  proximal  and  distal  tail  tissues  of  control  and 
lymphedema  groups  6  weeks  after  surgery. 

B.  Number  of  CD4+/CD45+  and  CD4-/ CD45+  cells  and  percentage  of  total  number  in 
distal  tail  tissues  of  control  and  lymphedema  groups. 

C.  Representative  fluorescent  photomicrographs  of  Thl  (CD4+/IFN-y'^)  and  Th2 
(CD4+/IL13+)  cells  in  distal  tail  tissues  of  control  and  lymphedema  groups  6  weeks 
after  surgery  (60x  magnification). 

D.  Cell  counts  of  IL4+  cells/ hpf  in  proximal  and  distal  tail  sections  of  mice  6  weeks  after 
tail  skin  and  lymphatic  excision.  Representative  40x  figures  are  shown  above. 

E.  Cell  counts  of  GATA-3+  cells  in  distal  tail  tissues  of  control  and  lymphedema  groups  6 
weeks  after  surgery. 
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F.  Western  blot  analysis  of  temporal  protein  expression  in  the  distal  tail  (protein 


harvested  at  the  region  of  the  dotted  line  in  photograph).  Fold-change  represents  ratio 
of  expression  between  1  and  6  weeks  post-operatively. 

Supplemental  Figure  2.  IgE  concentration  in  the  peripheral  serum  of  animals  treated  with 
IL4mab  or  control  antibody  for  6  weeks  beginning  immediately  after  tail  skin/ lymphatic 
excision. 

Supplemental  Figure  3. 

A.  Representative  photomicrographs  in  tail  tissues  from  animals  treated  with  antibodies 
beginning  either  immediately  after  surgery  (initiation)  or  for  3  weeks  after 
lymphedema  was  established  (progression). 

B.  Type  I  collagen  staining  (green)  surrounding  capillary  lymphatics  (red=LYVE-l)  from 
tail  tissues  of  animals  treated  with  IL4/ control  antibodies  for  3  weeks  beginning  6 
weeks  after  surgery. 

Supplemental  Figure  4. 

A,B.  Scar  index  (A;  representative  40x  views)  and  collagen  staining  (B;  representative  20x 
views)  of  distal  tail  tissues  in  animals  treated  with  Bleomycin  or  PBS  for  3  weeks. 

C.  Representative  figure  (lOOx)  demonstrating  lectin+  (functional)  and  lectin-  (non¬ 
functional)  lymphatic  vessels  in  proximal  tail  tissues.  Lectin  is  stained  green;  LYVE-1 
is  red. 
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Supplemental  Figure  5. 

A,B.  Representative  figure  (40x  views)  demonstrating  LYVE-1  staining  in  IL4mAb  and 
control  animals  with  treatment  initiated  immediately  after  surgery  for  6  weeks  (A, 
initiation)  or  beginning  6  weeks  after  surgery  for  3  weeks  (B,  progression).  Arrows 
show  LYVE-1 -positive  capillary  lymphatics. 
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Figure  1.  Sustained  lymphatic  stasis  results  in  CD4+  cell  inflammation. 

A.  Photograph  6  weeks  post-operatively  comparing  temporary  (control)  and  sustained  lymphatic  stasis 
(lymphedema). 

B.  Heat  maps  (above)  and  peak  lymph  node  uptake  of  99mTcby  sacral  lymph  nodes  (arrows)  after  distal  injection. 

C.  CD4+  cell  counts  proximal/ distal  to  the  wound. 

D.  Representative  2x  (upper)  and  40x  (magnification  of  boxed  area;  lower)  longitudinal  sections  demonstrating 
CD4+  staining  in  an  excision  animal  (wound=brackets). 

E. F.  Representative  flow  cytometry  analysis  (E)  and  quantification  of  triplicate  experiments  demonstrating  mature  T- 

helper  cells  (TCRp+/ CD4+)  in  proximal/  distal  tail  regions  tail  3/ 6  weeks  post-operatively. 

G,H-  Cell  counts  of  Thl  (G;  IFN-y^/ CD4+)  and  Th2  (H;  IL13+/ CD4+)  in  proximal/ distal  tail  regions  tail  6  weeks  after 
surgery. 

1.  Representative  western  blot  of  protein  from  tissues  harvested  6  weeks  post-operatively  15  mm  distal  (dashed 
line)  to  the  wound  (arrow).  Relative  fold-increase  comparing  lymphedema  groups  to  controls  is  shown. 

Figure  1 


Figure  2.  Lymph  node  dissection  results  in  CD4+  cell  inflammation. 

A,B.  Representative  flow  cytometry  analysis  (A)  and  quantification  of  triplicate  experiments  (B)  demonstrating  ma¬ 
ture  T-helper  cells  in  tissues  harvested  from  upper  extremities  of  mice  following  ALND  or  axillary  incision 
(sham)  3/6  weeks  post-operatively. 

C.  Representative  western  blot  of  protein  harvested  from  the  upper  extremity  6  weeks  post-operatively  with  rela¬ 
tive  fold-increase  comparing  ALND  to  sham. 

D.  Number  of  CD4+  cells  in  normal  and  lymphedematous  upper  extremities  of  lymphedema  patients. 

E.  Correlation  of  the  number  of  CD4+  cells  in  the  lymphedematous  limb  with  severity  of  lymphedema. 

F. G.  Number  of  IL4+  cells/ mm2(F)  and  IL13+ cells/ mm^  (G)  in  normal  and  lymphedematous  upper  extremities  of  pa¬ 

tients  with  lymphedema. 
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Figure  3.  CD4+  cells  are  necessary  for  fibrosis  and  lymphatic  dysfunction. 

A.  Representative  photographs  of  nude,  CD4KO,  and  wild  type  mouse  tails  6  weeks  after  tail  skin/ lymphatic  exci¬ 
sion.  Note  fixed  contracture  of  wild  type  tail. 

Tail  volume  changes  (%  change  from  pre-operative)  6  weeks  after  surgery. 

Subcutaneous  tissue  thickness  and  representative  cross-sectional  histology  6  weeks  after  surgery.  Gross  photo¬ 
graph  is  shown  for  orientation  and  site  of  tissue  harvest  (dashed  line).  Note  markedly  decreased  subcutaneous 
adipose  deposition  and  edema  (brackets)  in  nude  and  CD4KO  mice. 

CD45  cell  counts  and  representative  photomicrographs  (40X)  in  distal  tail  tissues  of  CD4KO  and  wild  type  mice 
6  weeks  post-operatively. 

Scar  index  and  representative  histology  (40X)  of  distal  tail  tissues  6  weeks  post-operatively. 

Collagen  deposition  and  representative  histology  (20X)  of  distal  tail  tissues  6  weeks  post-operatively. 

Peak  nodal  uptake  of  99mT[c  injected  in  the  distal  tail  6  weeks  after  surgery. 

Proximal  tail  fluorescence  (%  of  proximal  fluorescence  as  a  function  of  distal  fluorescence)  6  weeks  after  surgery 
comparing  CD4KO  and  wild  type  mice. 
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Figure  4.  Inhibition  of  Th2  differentiation  prevents  initiation  of  fibrosis  and  improves  lymphatic  function. 

A.  Representative  photographs  of  tails  from  animals  treated  with  IL4mAb,  IL13mAb,  or  isotype  control  antibodies 
(control)  for  6  weeks  beginning  immediately  after  tail  skin/ lymphatic  excision.  Note  lack  of  fibrotic  contracture 
in  the  tails  of  IL4/IL13mAb  treated  mice  as  compared  to  fixed  contracture  of  controls. 

B.  Tail  volume  changes  (%  change  from  pre-operative)  6  weeks  after  surgery. 

C.  Subcutaneous  tissue  thickness  and  representative  cross-sectional  histology  6  weeks  after  surgery.  Note  marked 
decreased  adipose  deposition  and  edema  in  IL4mAb/IL13mAb  treated  mice  (brackets). 

D.  Scar  index  and  representative  histology  (40X)  of  distal  tail  tissues  6  weeks  post-operatively. 

E.  Collagen  deposition  and  representative  histology  (20X)  of  distal  tail  tissues  6  weeks  post-operatively. 

F.  Western  blot  analysis  of  distal  tail  tissues  harvested  15mm  distal  to  the  wound  (wound=arrow  in  photograph; 
harvest  site=dotted  line)  comparing  IL4mAb  and  control  animals  6  weeks  after  surgery.  Fold  decrease  in  expres¬ 
sion  in  IL4mAb  animals  relative  to  controls  is  shown. 

G.  Serum  IL4  and  IL13  levels  in  animals  treated  with  IL4mAb  or  isotype  control  antibody  6  weeks  after  surgery. 

H.  Number  of  Thl  (IFN-Y+/CD4+)  and  Th2  (IL13+/CD4+)  cells  in  distal  tail  tissues  of  IL4mAb  and  control  antibody- 
treated  animals  6  weeks  post-operatively. 

I.  Representative  heat  maps  (above)  and  peak  nodal  uptake  of  in  sacral  lymph  nodes  (white  arrows)  follow¬ 

ing  distal  tail  injection  6  weeks  after  surgery. 

J.  Representative  microlymphangiography  and  calculation  of  proximal  tail  fluorescence  (%of  proximal  fluores¬ 
cence  as  a  function  of  distal  fluorescence)  6  weeks  after  surgery. 

Figure  4 
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Figure  5.  Inhibition  of  Th2  differentiation  decreases  established  lymphedema. 

A-C.  Representative  photographs  (A),  tail  volumes  (B),  and  subcutaneous  tissue  thickness  (C)  of  tails  from  animals  6 
weeks  after  skin  excision/ lymphatic  disruption  (pre-tx),  following  3  week  treatment  with  IL4/ control  antibodies 
(post-tx)  beginning  6  weeks  after  surgery,  and  following  an  additional  3  week  treatment  withdrawal  (post-tx 
withdrawal). 

D.  Western  blot  of  distal  tail  tissues  from  animals  following  3  week  treatment  course  with  IL4/ control  antibodies 
beginning  6  weeks  post-operatively  (fold-decrease=normalized  expression  from  IL4mAb-treated  animals  relative 
to  controls). 

E.  Serum  IL4  and  IL13  levels  in  animals  post- treatment  with  IL4/ control  antibodies  for  3  weeks. 

F.  Number  of  Thl/Th2  cells  in  distal  tail  tissues  post-treatment  with  IL4/ control  antibodies. 

Figure  5 
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Figure  6.  Inhibition  of  Th2  differentiation  decreases  established  fibrosis  and  improves  lymphatic  func¬ 
tion. 

A,B.  Scar  index  (A;  representative  40x  views)  and  collagen  staining  (B;  representative  20x  views)  of  distal  tail  tissues 
post-treatment  with  IL-4/ control  antibodies. 

C.  Representative  heat  maps  (above)  and  peak  nodal  uptake  of  in  sacral  lymph  nodes  following  distal  tail  in¬ 
jection  post-treatment  (Ab  Tx)  and  following  treatment  withdrawal  (Tx  withdrawal). 

D.  Representative  microlymphangiography  and  proximal  tail  fluorescence  post-treatment  (Ab  Tx)  and  following 
treatment  withdrawal  (Tx  withdrawal)  with  IL4/control  antibodies. 

E.  Number  of  a-sma+  capillary  lymphatic  vessels/ hpf. 


Figure  6 


Figure  7.  Inhibition  of  JAKl/2  does  not  prevent  fibrosis  or  preserve  lymphatic  function. 

A,B.  pSTAT3  cell  counts  (A)  and  representative  western  blot  of  pSTAT3  and  total  STAT3  (B)  in  distal  tail  tissues  of 
JAKl/2  inhibitor-  or  control-treated  animals. 

C.  Representative  photographs  of  JAKl/2  inhibitor  or  control-treated  mouse  tails  6  weeks  post-operatively. 

D, E.  Change  in  tail  volume  (D)  and  subcutaneous  tissue  thickness  (E)  in  JAKl/2  inhibitor  or  control  treated  mice  6 

weeks  postoperatively. 

F,G.  Scar  index  (F;  representative  40X  views)  and  collagen  staining  (G;  representative  20X  views)  of  distal  tail  tissues 
following  treatment  with  JAKl/2  inhibitor  or  control  6  weeks  post-operatively. 

H.  Peak  nodal  uptake  of  in  JAKl/2  inhibitor  or  control-treated  animals  6  weeks  post-operatively. 

I.  Subcutaneous  tissue  thickness  of  animals  treated  with  bleomycin  or  phosphate-buffered  saline  (PBS). 

J. K.  Peak  nodal  uptake  of  99mTfc  by  sacral  lymph  nodes  (J)  and  microlymphangiography/  proximal  fluorescence  (K)  in 

animals  treated  with  bleomycin,  bleomycin  and  IL-4mAb,  or  PBS  control. 

L,M.  Quantification  of  lectin+  capillary  lymphatics  (L;  %  of  total  lymphatics)  and  representative  whole  mount  lectin 
stain  (M)  in  bleomycin/ IL4mAb  and  bleomycin/ control  antibody-treated  animals.  White  arrows  are  capillary 
lymphatics;  dotted  circles  represent  pooled  areas  of  lectin  in  interstitial  space. 

Figure  7 
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Figure  8.  IL4  blockade  does  not  increase  VEGF-A  or  VEGF-C  expression. 

A,B.  LYVE-1+  (A)  and  Podoplanin+  (B)  vessel  counts  in  IL4/control  antibody-treated  animals  beginning  immediately 
after  surgery  and  continued  for  6  weeks  (initiation)  or  beginning  6  weeks  after  surgery  and  continued  for  3 
weeks  (progression). 

C.  Representative  western  blots  (of  triplicate  experiments)  for  LYVE-1  and  PROXl  expression  in  distal  tail  protein 
of  animals  treated  with  IL4mAb/ control  antibody  for  6  weeks  beginning  immediately  after  surgery  (left)  or  after 
treatment  with  IL4mAb/ control  antibodies  for  3  weeks  beginning  6  weeks  post-operatively  (right).  Normalized 
fold-increase  in  expression  relative  to  controls  is  shown. 

D.  Representative  40x  photomicrograph  of  wound  area  following  treatment  with  IL4mAb/ control  antibody  for  6 
weeks  beginning  immediately  after  surgery.  Arrow  shows  lymphatic  vessel  crossing  the  wound. 

E. F.  Representative  western  blots  (of  triplicate  experiments)  from  distal  tail  protein  isolated  from  animals  treated 

with  IL4mAb/ control  antibody  for  2  or  6  weeks  beginning  immediately  after  surgery  (D;  Initiation  of  fibrosis)  or 
after  treatment  with  IL-4/ control  antibodies  for  3  weeks  beginning  6  weeks  after  surgery  (E;  Progression  of  fibro¬ 
sis).  Normalized  fold-increase  in  expression  relative  to  controls  is  shown. 

G.  LYVE-1'^  lymphatic  vessel  density  and  representative  photomicrographs  of  popliteal  lymph  nodes  harvested 
from  animals  treated  with  IL4mAb/ control  antibodies  2  weeks  post-CFA/ OVA  injection  into  hind  paw. 

H.  Expression  of  VEGF-A/ C  (by  ELISA)  in  popliteal  lymph  nodes  harvested  from  animals  treated  with  IL4mAb/ 
control  antibodies  2  weeks  post-CFA/ OVA  injection  into  the  hind  paw. 

I.  Schema  depicting  proposed  mechanism  of  lymphedema  development  in  response  to  lymphatic  fluid  stasis. 

Figure  8 
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Supplemental  figure  1. 

A.  Number  of  CD45+  cells/hpf  in  proximal  and  distal  tail  tissues  of  control  and  lymphedema  groups  6  weeks  after 
surgery. 

B.  Number  of  CD4+/ CD45+  and  CD4-/ CD45+  cells  and  percentage  of  total  number  in  distal  tail  tissues  of  control  and 
lymphedema  groups. 

C.  Representative  fluorescent  photomicrographs  of  Thl  (CD4+/IFN-Y+)  and  Th2  (CD4+/IL13+)  cells  in  distal  tail  tis¬ 
sues  of  control  and  lymphedema  groups  6  weeks  after  surgery  (60x  magnification). 

D.  Cell  counts  of  IL4+ cells/hpf  in  proximal  and  distal  tail  sections  of  mice  6  weeks  after  tail  skin  and  lymphatic  exci¬ 
sion.  Representative  40x  figures  are  shown  above. 

E.  Cell  counts  of  GATA-3+  cells  in  distal  tail  tissues  of  control  and  lymphedema  groups  6  weeks  after  surgery. 

F.  Western  blot  analysis  of  temporal  protein  expression  in  the  distal  tail  (protein  harvested  at  the  region  of  the  dotted 
line  in  photograph).  Fold-change  represents  ratio  of  expression  between  1  and  6  weeks  post-operatively. 


Supplemental  figure  1 


Supplemental  figure  2.  IgE  concentration  in  the  peripheral  serum  of  animals  treated  with  IL4mab 
or  control  antibody  for  6  weeks  beginning  immediately  after  tail  skin/ lymphatic  excision. 
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Supplemental  figure  3. 

A.  Representative  photomicrographs  in  tail  tissues  from  animals  treated  with  antibodies  beginning  either  immedi¬ 
ately  after  surgery  (initiation)  or  for  3  weeks  after  lymphedema  was  established  (progression). 

B.  Type  I  collagen  staining  (green)  surrounding  capillary  lymphatics  (red=LYVE-l)  from  tail  tissues  of  animals 
treated  with  IL4/ control  antibodies  for  3  weeks  beginning  6  weeks  after  surgery. 


Supplemental  figure  3 


Supplemental  figure  4. 

A,B.  Scar  index  (A;  representative  40x  views)  and  collagen  staining  (B;  representative  20x  views)  of  distal  tail  tissues  in 
animals  treated  with  Bleomycin  or  PBS  for  3  weeks. 

C.  Representative  figure  (lOOx)  demonstrating  lectin+  (functional)  and  lectin-  (non-functional)  lymphatic  vessels  in 
proximal  tail  tissues.  Lectin  is  stained  green;  LYVE-1  is  red. 
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Supplemental  figure  5. 

A,B.  Representative  figure  (40x  views)  demonstrating  LYVE-1  staining  in  IL4mAb  and  control  animals  with  treatment 
initiated  immediately  after  surgery  for  6  weeks  (A,  initiation)  or  beginning  6  weeks  after  surgery  for  3  weeks  (B, 
progression).  Arrows  show  LYVE-l-positive  capillary  lymphatics. 
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Abstract 


Introduction:  Lymphedema  is  a  ehronie  disorder  that  oeeurs  eommonly  after  lymph  node  removal  for 
eaneer  treatment  and  is  eharaeterized  by  swelling,  fibrosis,  inflammation,  and  adipose  deposition. 
Although  previous  histologieal  studies  have  investigated  inflammatory  ehanges  that  oeeur  in 
lymphedema,  the  preeise  eellular  make  up  of  the  inflammatory  infiltrate  remains  unknown.  It  is  also 
unelear  if  this  inflammatory  response  plays  a  eausal  role  in  the  pathology  of  lymphedema.  The  purpose 
of  this  study  was  therefore  to  eharaeterize  the  inflammatory  response  to  lymphatie  stasis  and  determine  if 
these  responses  are  neeessary  for  the  pathologieal  ehanges  that  oeeur  in  lymphedema. 

Methods:  We  used  mouse-tail  lymphedema  and  axillary  lymph  node  disseetion  (ANLD)  models  in  order 
to  study  tissue  inflammatory  ehanges.  Single  eell  suspensions  were  ereated  and  analyzed  using  multi- 
eolor  flow  eytometry  to  identify  individual  eell  types.  We  utilized  antibody  depletion  teehniques  to 
analyze  the  eausal  role  of  CD4+,  CD8+,  and  CD25+  eells  in  the  regulation  of  inflammation,  fibrosis, 
adipose  deposition,  and  lymphangiogenesis. 

Results:  Lymphedema  in  the  mouse-tail  resulted  in  a  mixed  inflammatory  eell  response  with  signifieant 
inereases  in  T-helper,  T-regulatory,  neutrophils,  maerophages,  and  dendritie  eell  populations. 
Interestingly,  we  found  that  ALND  resulted  in  signifieant  inereases  in  T-helper  eells  suggesting  that  these 
adaptive  immune  responses  preeede  ehanges  in  maerophage  and  dendritie  eell  infiltration.  In  support  of 
this  we  found  that  depletion  of  CD4+,  but  not  CDS  or  CD25+  eells,  signifieantly  deereased  tail 
lymphedema,  inflammation,  fibrosis,  and  adipose  deposition.  In  addition,  depletion  of  CD4+  eells 
signifieantly  inereased  lymphangiogenesis  both  in  our  tail  model  and  also  in  an  inflammatory 
lymphangiogenesis  model. 

Conclusions:  Lymphedema  and  lymphatie  stasis  result  in  CD4+  eell  inflammation  and  infiltration  of 
mature  T-helper  eells.  Loss  of  CD4+  but  not  CD8+  or  CD25+  eell  inflammation  markedly  deereases  the 
pathologieal  ehanges  assoeiated  with  lymphedema.  In  addition,  CD4+  eells  regulate  lymphangiogenesis 
during  wound  repair  and  inflammatory  lymphangiogenesis. 
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Introduction 


Lymphedema  is  a  ehronie  disorder  that  is  eharaeterized  by  progressive  tissue  swelling  and  fat 
deposition  seeondary  to  eongenital  defeets,  infeetions,  or  injury  to  the  lymphatie  system.  In  its  most 
advaneed  forms,  lymphedema  results  in  massive  ehanges  in  the  extremities  referred  eommonly  to  as 
elephantiasis.  Although  the  most  eommon  eause  of  lymphedema  worldwide  is  parasitie  infeetions  with 
nematodes  sueh  as  Wuchereria  bancrofti,  these  infeetions  are  rarely  seen  in  developed  eountries  where 
lymphedema  oeeurs  most  eommonly  after  eaneer  surgery.  [1]  In  these  eases,  patients  develop 
lymphedema  after  direet  injury  to  the  lymphatie  system  resulting  from  lymph  node  disseetion  or 
seeondarily  from  wide  skin  exeision  and  radiation  therapy.  It  is  estimated  that  as  many  as  1  in  3  women 
treated  with  axillary  lymph  node  disseetion  for  breast  eaneer  develop  lymphedema.  [2]  Lymphedema  is 
also  eommon  in  other  solid  malignaneies  oeeurring  in  nearly  1  in  8  patients  treated  for  a  variety  of 
tumors.  [3] 

The  laek  of  a  elear  understanding  of  the  pathology  of  lymphedema  has  served  as  a  signifieant 
barrier  to  the  development  of  effeetive,  targeted  treatments  or  preventative  options  for  this  disabling 
eomplieation.  Instead,  eurrent  treatments  are  palliative  in  nature  with  a  goal  of  preventing  disease 
progression  and  deereasing  symptoms  rather  than  euring  the  underlying  pathology.  The  faet  that 
lymphedema  in  most  eases  develops  8-12  months  after  surgery  (rather  than  immediately  following  lymph 
node  disseetion) [4]  suggests  that  lymphatie  injury  is  merely  an  initiating  event  that  is  neeessary  for 
aetivation  of  eellular  and  moleeular  ehanges  that  over  time  lead  to  ehronie  tissue  edema,  inflammation, 
fibrosis,  and  fat  deposition.  It  remains  unknown,  however,  if  the  key  histologieal  features  of  lymphedema 
sueh  as  inflammation  and  fibrosis  play  a  eausal  role  in  this  pathology  or  if  these  ehanges  simply  refieet 
worsening  pathology.  Similarly,  although  previous  reports  have  demonstrated  that  patients  with 
seeondary  lymphedema  have  high  eoneentrations  of  lymphoeytes  in  peripheral  lymph,  inereased  density 
of  Langerhans  eells  and  elass  II  antigen  expression  in  the  skin,  and  inereased  granuloeyte  margination  in 
lymphedematous  tissues,[5,6,7,8]  the  preeise  eellular  response  to  lymphatie  fluid  stasis  and  ehronie 
lymphedema  remain  unknown.  This  is  important  sinee  reeent  studies  have  shown  eritieal  roles  for 
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inflammatory  cells  in  the  regulation  of  fibrosis,  lymphangiogenesis,  and  adipose  tissue  deposition  in  other 
disorders.  [9, 10,1 1,12]  Therefore,  understanding  how  lymphatic  fluid  stasis  regulates  these  responses 
acutely,  and  more  importantly,  how  these  responses  are  coordinated  chronically  is  an  important  first  step 
in  developing  targeted  treatments  that  can  block  initiation  or  progression  of  the  pathological 
consequences  of  lymphatic  injury. 

With  these  goals  in  mind,  the  purpose  of  this  study  was  to  determine  how  lymphatic  stasis 
regulates  tissue  inflammatory  changes.  In  addition,  we  sought  to  determine  if  these  chronic  inflammatory 
responses  play  a  pathological  role  in  lymphatic  dysfunction,  fibrosis,  and  adipose  deposition  in 
lymphedema.  We  show  that  specific  T  cell  subpopulations  are  a  critical  component  of  the  subacute  and 
chronic  inflammatory  cell  response  to  lymphatic  fluid  stasis.  In  addition,  using  antibody  depletion 
studies,  we  show  that  T-helper  cell  inflammatory  responses  are  necessary  for  fibrosis,  lymphatic 
dysfunction,  subcutaneous  fat  deposition,  and  chronic  inflammation  occurring  in  response  to  sustained 
lymphatic  fluid  stasis.  Our  findings  are  important  because  we  show  for  the  first  time  that  lymphedema 
results  in  characteristic  inflammatory  responses.  Further,  we  show  that  these  responses  play  a  role  in  the 
pathology  of  lymphedema  rather  than  simply  reflecting  worsening  pathology. 

Methods 

Animal  Models 

Adult  female  (10-12  week  old)  wild-type  C57B6  or  transgenic  C57B6  mice  deficient  in  CD4+ 
cells  (CD4KO;  Jackson  Labs,  Bar  Harbor,  ME)  were  used  and  all  studies  were  performed  according  to 
lACUC  standards  and  approved  animal  protocols  at  Memorial  Sloan-Kettering  Cancer  Center.  A  total  of 
8-10  animals  were  used  for  each  group/experiment. 

In  order  to  study  the  effects  of  sustained,  severe  lymphatic  stasis  on  inflammatory  responses,  we 
used  a  well-described  mouse  tail  model  of  lymphedema  in  which  the  superficial  and  deep  lymphatic 
system  of  the  tail  are  disrupted  by  excising  a  3mm  portion  of  the  skin  and  microsurgically  ligating  the 
deep  lymphatic  channels  that  run  along  the  lateral  tail  veins. [13, 14,15, 16]  Our  group,  and  others,  have 
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previously  shown  that  this  model  results  in  sustained  lymphedema  of  the  distal  tail,  severe  impairment  in 
lymphatie  funetion,  and  histologieal  features  of  elinieal  lymphedema  (e.g.  ehronie  inflammation,  adipose 
deposition,  fibrosis)  for  at  least  10  weeks  postoperatively.[13,14,15,16]  Control  animals  underwent 
eireumferential  tail  skin  ineision  but  did  not  undergo  superfieial  or  deep  lymphatie  system  disruption. 
Lymphatie  funetion,  flow  eytometry,  and  histologieal  analysis  were  performed  6  weeks  after  surgery  as 
deseribed  below. 

We  also  used  a  mouse  model  of  axillary  lymph  node  disseetion  to  study  the  eonsequenees  of 
lymphadeneetomy  and  disruption  of  the  deep  lymphatie  system.  We  have  previously  shown  that  similar 
to  the  elinieal  seenario,  axillary  lymph  node  disseetion  (ALND)  in  miee  results  in  minor  though 
signifieant  inereases  in  limb  volume  enabling  us  to  study  aeute  tissue  ehanges  that  oeeur  in  response  to 
lymphatie  stasis. [17]  Experimental  miee  underwent  ALND  disseetion  using  a  1  em  axillary  ineision  and 
all  identifiable  axillary  lymph  nodes  were  removed.  Control  animals  underwent  axillary  skin  ineision 
without  lymph  node  removal. 

Flow  Cytometry 

A  1  em  portion  of  tissue  was  harvested  1  em  distal  to  the  site  of  axillary  lymph  node  disseetion  or 
1.5  em  distal  to  the  site  of  tail  skin  exeision.  Flow  eytometry  and  analysis  was  performed  using  a 
modifieation  of  our  previously  reported  methods.  [18]  Briefly,  skin  and  subeutaneous  tissues  were 
stripped  from  the  underlying  tissues  and  digested  at  37®  C  for  30  min  in  phosphate-buffered  saline  (PBS) 
solution  of  eollagenase  D  (0.2  mg/ml),  DNAse  I  (0.1  mg/ml),  Dispase  (0.1  mg/ml),  and  2%  fetal  ealf 
serum  (all  from  Sigma  Aldrieh,  St.  Louis,  MO).  Tissue  digests  were  then  filtered  and  resuspended  as  a 
single  eell  suspension  in  PBS/2%FCS/Sodium  azide  solution  for  flow  eytometry  analysis.  Splenoeytes 
were  isolated  simultaneously  by  rupturing  spleens,  lysing  red  blood  eells,  and  filtering  to  aehieve  single 
eell  suspensions.  Cells  were  bloeked  at  4®  with  Fe  bloek  (CD16/CD32,  eBioseienees  (San  Diego,  CA)  to 
bloek  endogenous  Fe  reeeptors.  Single  stains  were  performed  on  splenoeytes  for  optimization  of 
eytometer  settings.  Cell  suspensions  isolated  from  peripheral  tissues  were  then  stained  using  fluorophore- 
eonjugated  antibodies  for  the  following  eell  surfaee  markers:  CD45,  CD4,  CDS,  TCRB,  CD25,  F4/80, 
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CDl  lb,  CDl  Ic,  Ly6c,  Ly6g,  B220  (all  antibodies  from  Biolegend,  San  Diego,  CA),  and  NK  T  eell- 
speeifie  Tetramer  (PBS57-CDld  tetramers  were  obtained  from  the  US  National  Institutes  of  Health 
Tetramer  Core  Faeility).  Alternatively,  eell  suspensions  were  Fe-bloeked  followed  by  fixation, 
permeabilization  overnight  at  4®  C,  and  stained  for  the  intraeellular  marker  FoxP3  (eBioseienees  )  and  eell 
surfaee  markers  CD4  and  CD25  (Biolegend). 

Cell  suspensions  were  analyzed  using  an  LSR II  flow  eytometer  (BD  Bioseienees,  San  Jose  CA) 
with  BD  FACSDiva  software  and  subsequent  data  analysis  performed  using  FlowJo  software  (Tree  Star, 
Ashland,  OR).  Cell  populations  were  analyzed  and  defined  using  the  eell  surfaee  markers  listed  in  Table  1 
using  5-7  animals/group/experiment  with  eaeh  experiment  performed  in  triplieate. 

Depletion  Experiments 

Depletion  experiments  were  performed  using  the  tail  model  of  lymphedema  as  deseribed  above. 
Following  tail  skin  and  lymphatie  vessel  exeision,  animals  were  allowed  to  reeover  for  2  weeks  and  then 
randomized  to  experimental  or  eontrol  groups  (n=  8-10/group).  Experimental  animals  were  depleted  of 
CD4,  CDS,  or  CD25  eells  using  intraperitoneal  administration  of  monoelonal  neutralizing  antibodies  (all 
from  Bio-X-Cell,  Lebanon,  New  Hampshire)  every  5  days  for  a  total  of  4  weeks  (i.e.  6  weeks 
postoperatively)  as  previously  deseribed.  Control  animals  were  treated  with  non-speeifie  isotype  eontrol 
antibodies  delivered  at  the  same  dose  and  timing.  Adequaey  of  depletion  was  eonfirmed  by  flow 
eytometry  analysis  of  splenie  single  eell  suspensions  eomparing  experimental  and  eontrol  animals  at  the 
time  of  saerifiee  (6  weeks  postoperatively). 

Tail  volume,  Lymphoscintigraphy,  Microlymphangiography 

Tail  lymphedema  was  monitored  weekly  using  multiple  digital  ealiper  tail  eireumferenee 
measurements  distal  to  the  zone  of  lymphatie  injury  and  ealeulation  of  tail  volumes  using  the  truneated 
eone  formula  as  previously  deseribed.  [15]  Lymphoseintigraphy  was  performed  as  previously  deseribed 
to  quantify  lymphatie  flow  by  injeeting  50ml  of  filtered  teehnetium  (Te^^”^ )  sulfur  eolloid  in  the  distal  tail 
and  analyzing  deeay  adjusted  uptake  in  the  saeral  lymph  nodes  using  an  X-SPECT  eamera  (Gamma 
Mediea,  Northridge,  CA)  and  region-of-interest  analysis  using  ASIPro  software  (CTI  Moleeular  Imaging, 
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Knoxville,  TN).[15]  To  analyze  lymphatie  arehiteeture  and  ealeulate  interstitial  fluid  flow,  we  performed 
mierolymphangiography  using  our  previously  published  teehniques.[14]  Briefly,  fluoreseein 
isothioeyanate  (FITC)-eonjugated  dextran  (2,000  kDa,  10  mg/ml,  Invitrogen,  Carlsbad,  CA)  was  injeeted 
under  eonstant  anatomie  pressure  in  the  distal  tail  and  then  visualized  15  minutes  later  at  fixed  10mm 
intervals  along  the  tail  using  the  Lumar  Stereoseope  (Carl  Zeiss  Ine,  Peabody,  MA)  and  Metamorph 
imaging  software  (Moleeular  Deviees,  Sunnyvale  CA).  Exposure,  gain,  magnifieation,  and  body 
temperature  were  kept  eonstant  and  the  animal  was  anesthetized  to  prevent  motion  artifaet.  Uptake  of 
FITC-dextran  was  expressed  as  a  ratio  of  mean  pixel  intensity  of  regions  proximal  relative  to  those  distal 
to  the  surgieal  site  15  minutes  post-injeetion. 

Lymph  node  lymphangiogenesis 

Lymph  node  lymphangiogenesis  was  used  as  previously  deseribed  to  determine  how  CD4  eells 
regulate  inflammatory  lymphangiogenesis  independent  of  wound  healing.  Briefly,  a  mixture  of  eomplete 
Freund’s  adjuvant  (Sigma)  and  ovalbumin  (1:1)  was  emulsified  and  injeeted  in  the  hind  paws  of  adult 
female  wild-type  C57B6  miee  and  popliteal  lymph  nodes  were  harvested  7  days  later.  Experimental 
animals  (n=8)  were  depleted  of  CD4+  eells  using  monoelonal  neutralizing  antibodies  beginning  3  days 
prior  to  CF A/OVA  injeetion  as  outlined  above  while  eontrol  animals  (n=8)  were  treated  with  an 
equivalent  dose  of  non-speeifie  isotype  eontrol  antibodies.  To  eonfirm  our  findings  with  CD4  depletion, 
we  performed  identieal  experiments  in  wild-type  C57B6  miee  (n=8)  and  eompared  them  with  transgenie 
C57B6  miee  defieient  in  CD4  eells  (CD4KO;  n=8;  Jaekson  labs). 

Immunohistochemistry  and  histological  analysis 

Tail  tissues  were  fixed  in  4%  paraformaldehyde  and  deealeified  in  Immunoeal  prior  to  paraffin 
embedding.  Lymph  nodes  were  embedded  in  OCT  medium  (Sigma- Aldrieh,  St.  Louis,  MO)  and  fi'ozen 
at  -80®  C;  5  um  seetions  were  prepared  from  all  tissues  for  analyses. 

Immunohistoehemieal  staining  using  horseradish-peroxidase  based  staining  teehniques  were 
performed  aeeording  to  our  established  teehniques  [14].  Briefly,  paraffin-embedded  tissues  were 
rehydrated,  and  antigen  unmasking  was  performed  using  boiling  sodium  eitrate  (Sigma).  Endogenous 
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peroxidase  aetivity  was  quenehed  and  non-speeifie  binding  was  bloeked  with  2%  BS  A/20%  animal 
serum.  Tissues  were  ineubated  with  primary  antibody  overnight  and  antibody  staining  was  visualized 
using  horseradish-peroxidase  eonjugated  seeondary  antibodies  and  development  with  diaminobenzamine 
eomplex  (DAB;  Veetor,  Burlingame,  CA).  Primary  antibodies  used  for  immunohistoehemieal  stains 
ineluded  eollagen  I,  eollagen  III,  podoplanin,  CD4,  F4/80,  CD45  (all  from  Abeam,  Cambridge,  MA),  and 
vaseular  endothelial  growth  faetor-C  (VEGF-C;  Novus  biologieal,  Littleton,  CO).  All  seeondary 
antibodies  were  obtained  from  Veetor  Laboratories.  Seetions  were  analyzed  using  brightfield  mieroseopy 
and  regions  of  interest  were  seanned  using  a  Mirax  slide  seanner  (Zeiss,  Munieh,  Germany).  Cell  eounts 
were  performed  on  high-powered  seetions  from  a  minimum  of  4-6  animals  per  group  and  4-5  hpf/animal 
by  2  blinded  reviewers. 

Immunofluoreseent  stains  were  performed  as  deseribed  above,  exeluding  peroxidase  quenehing 
steps.  Primary  antibody  to  LYVE-1  (R&D  Systems,  Minneapolis,  MN)  and  TRITC-eonjugated 
seeondary  antibody  were  utilized  for  staining.  For  frozen  lymph  node  seetions,  slides  were  fixed  briefly 
in  aeetone  followed  by  bloeking  and  staining  teehniques  as  deseribed  above.  Lymphatie  vessel  density 
was  determined  using  Metamorph  Seanner  and  Metamorph  Offline  software  (Moleeular  Deviees, 
Sunnyvale  CA)  as  previously  deseribed.  [19] 

Subeutaneous  tissue  thiekness  analysis  was  performed  in  histologieal  eross-seetions  loeated  1.5 
em  distal  to  the  surgieal  site  by  blinded  reviewers  (n=6-8  per  group).  The  distanee  from  the  basal  layer  of 
the  epidermis  to  deep  faseia  was  analyzed  in  4  standardized  regions  per  seetion.  Lymphatie  vessel  area 
was  measured  as  previously  deseribed.  [14]  Briefly,  the  widest  radius  of  individual  lymphatie  vessels 
identified  by  podoplanin  or  LYVE-1  staining  in  histologieal  eross  seetions  was  used  to  ealeulate 
lymphatie  vessel  area.  Tissue  fibrosis  was  assessed  using  our  previously  published  methods  for  Sirius 
red  quantifieation  (sear  index)  as  well  as  by  immunohistoehemieal  staining  for  type  I  and  type  III 
eollagen.  [14]  Collagen  deposition  was  quantified  as  a  ratio  of  positively  stained  dermis  and  subeutaneous 
tissues  within  a  fixed  threshold  to  total  tissue  area  using  Metamorph  Offline  software. 


8 


Protein  analysis 

Tail  tissues  or  lymph  nodes  were  lysed  (Thermofiseher  Seientifie,  Waltham,  MA)  and  20-30  mg 
of  pooled  protein  (n=3-5  animals)  was  used  for  western  blot  analysis  using  our  previously  published 
methods.  [14]  We  analyzed  the  expression  of  interferon-gamma  (IFN-y),  interleukin-4  (IL-4;  both  from 
Abeam),  FoxP3,  Tbet,  GATA3,  (all  from  Santa  Cruz  Bioteehnology,  Santa  Cruz,  CA),  type  I  eollagen, 
type  III  eollagen,  alpha-smooth  musele  aetin  (a-SMA),  E-eadherin,  phosphorylated  SMAD-3  (pSMAD3; 
all  from  Abeam),  TGFB-1  (Santa  Cruz),  VEGF-A  (Abeam),  and  VEGF-C  (Novus  Biologie).  Equal 
loading  was  ensured  with  aetin  (Abeam)  and  band  density  was  determined  using  Image!  analysis 
(http ://rsb web .nih. gov/ii /) .  Normalized  expression  was  determined  as  a  ratio  relative  to  eontrols.  For 
ELISA,  20-30  mg  of  protein  from  pooled  samples  (n=3-5  animals/group)  was  analyzed  to  quantify 
VEGF-A  and  VEGF-C  aeeording  to  the  manufaeturer’s  direetions  (eBioseienee,  San  Diego,  CA).  All 
experiments  were  performed  in  triplieate. 

Statistical  analysis 

Student’s  T-test  was  used  to  eompare  differenees  between  2  groups;  paired  T-tests  were 
performed  for  all  matehed  ALND  and  sham  eontrol  samples.  Multi-group  eomparisons  were  performed 
using  2-way  analysis  of  varianee  (ANOVA)  with  Tukey-Kramer  post-hoe  test.  Data  are  presented  as 
mean  ±  standard  deviation  unless  otherwise  noted  with  p<0.05  eonsidered  signifieant. 

Results 

Chronic  lymphedema  results  in  a  mixed  inflammatory  cell  response 

We  used  a  well-deseribed  mouse-tail  model  of  lymphedema  to  determine  how  ehronie  lymphatie 
stasis  regulates  tissue  inflammation.  As  expeeted,  miee  that  underwent  tail  skin  and  lymphatie  exeision 
demonstrated  markedly  inereased  tail  volumes,  tail  eontraeture  and  fibrosis,  and  hyperkeratosis  6  weeks 
after  surgery  (Figure  lA,  B).  In  eontrast,  eontrol  animals  that  underwent  tail  skin  ineision  only  had  no 
swelling  or  abnormal  ehanges  at  this  time.  Analysis  of  tissue  digests  harvested  1.5  eentimeter  distal  to 
the  zone  of  lymphatie  injury  also  eonfirmed  our  previous  observations[14]  and  demonstrated  markedly 
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increased  numbers  of  CD45^  cells  consistent  with  tissue  inflammation  when  compared  with  controls  (2.3 
fold;  Figure  1C).  Multicolor  flow  cytometry  analysis  of  these  tissue  samples  demonstrated  that  the 
percentage  of  mature  T-helper  (CD45VCD4VTCRP^)  was  also  dramatically  increased  in  lymphedematous 
tissues  (2.2  fold;  Figure  ID).  In  contrast,  we  noted  no  significant  differences  in  the  percentage  of  mature 
cytotoxic  T  cells,  NKT  cells,  or  B  Cells.  Interestingly,  and  consistent  with  our  previous  reports, [17]  we 
also  noted  significantly  increased  percentage  of  neutrophils  (1.4  fold),  macrophages  (1.6  fold),  and 
dendritic  cells  (1.9  fold)  in  lymphedematous  tissues  (Figure  IE). 

Axillary  lymph  node  dissection  results  in  T  cell  inflammation 

In  order  to  determine  the  type  of  inflammatory  responses  that  are  initiated  by  lymphatic  injury 
prior  to  the  onset  of  chronic  lymphedema,  we  analyzed  tissue  inflammation  in  the  upper  extremity  of 
mice  that  had  undergone  axillary  lymph  node  dissection  (ALND)  or  axillary  skin  incision  without 
lymphatic  injury  3  or  6  weeks  after  surgery.  This  approach  was  based  on  our  previous  studies 
demonstrating  that:  1).  ALND  in  this  model  (similar  to  the  clinical  scenario)  results  in  mild  but  significant 
edema  of  the  upper  extremity  at  3  weeks  postop  and  resolves  by  6  weeks;  2.)  Tissue  inflammatory 
responses  to  ALND  are  histologically  evident  beginning  primarily  3  weeks  after  surgery.[  17,20] 

At  the  3 -week  time  point,  we  noted  a  mild  (1.3  fold)  but  insignificant  increase  in  the  percentage 
of  CD45+  leukocytes  in  animals  treated  with  ALND  as  compared  to  controls  (Figure  2A).  This 
difference  became  more  pronounced  (1.8  fold)  and  significant  by  6  weeks  post  operatively.  Interestingly, 
when  we  analyzed  inflammatory  cell  subtypes  3  weeks  after  surgery,  we  noted  significant  increases  in  the 
percentages  of  T  cell  subtypes  (1.8  fold  increase  T-helper  cells,  2  fold  increase  in  cytotoxic  T  cells,  and 
1.7  fold  increase  in  NKTs)  as  well  as  neutrophils  (2.1  fold).  However,  B  cells,  monocytes,  macrophages, 
and  dendritic  cells  were  little  changed  (Figure  2B).  The  increased  percentage  of  T  helper  cells  (1.3  fold) 
and  NKTs  (1.4  fold)  persisted  at  the  6  week  time  point,  however,  differences  between  cytotoxic  T  cells 
and  neutrophils  became  insignificant  (Figure  2C).  Similarly,  we  found  no  significant  differences  in  the 
percentage  of  neutrophils,  monocytes,  macrophages,  or  dendritic  cells  at  this  time  point. 
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CD4  cell  depletion  reduces  lymphedema 


Based  on  the  finding  that  T  eell  inflammation  is  initiated  by  lymphatie  injury  (ALND)  and 
persists  in  ehronie  lymphedema,  we  tested  the  hypothesis  that  these  inflammatory  reaetions  eontribute  to 
the  pathology  of  lymphedema  by  performing  antibody  depletion  studies.  This  hypothesis  is  supported  by 
reeent  findings  demonstrating  that  T  eells  ean  regulate  lymphangiogenesis[l  1,21,22]  and  are  known  to 
play  a  role  in  fibrotie  disorders  and  may  therefore  eontribute  to  the  pathologie  fibrosis  that  is  assoeiated 
with  ehronie  lymphedema. 

As  expeeted,  depletion  of  CD4  or  CDS  eells  with  neutralizing  antibodies  was  highly  effeetive 
resulting  in  near  eomplete  absenee  of  these  eells  in  the  spleen  (Figure  3A).  We  ehose  to  begin  T  eell 
depletion  2  weeks  after  tail  skin  and  lymphatie  exeision  based  on  our  previous  studies  demonstrating  that 
inflammatory  reaetions  in  this  model  first  beeome  manifest  at  this  time  point.  [15]  Interestingly,  we  found 
that  depletion  of  CD4  eells  resulted  in  marked  deereases  in  tail  lymphedema  and  redueed  fibrotie  tail 
eurvature  distal  to  the  site  of  lymphatie  disruption  when  eompared  to  eontrols  or  animals  treated  with 
CDS  neutralizing  antibodies  (Figure  3B).  These  ehanges  were  refleeted  in  signifieantly  deereased  tail 
volumes  (1.9  fold)  and  subeutaneous  tissue  thiekness  of  histologieal  seetions  (1.5  fold)  in  CD4  depleted 
miee  (Figure  3C,  D).  Histologieal  seetions  demonstrated  markedly  deereased  inflammation  and 
subeutaneous  edema  and  fat  deposition  in  CD4  depleted  animals  (Figure  3C).  In  eontrast,  CDS  depletion 
had  little  effeet.  Changes  in  tail  volume,  subeutaneous  adipose  tissue  deposition,  and  inflammation  in 
CD4  depleted  miee  eorrelated  with  deereased  podoplanin  positive  lymphatie  vessel  diameter  (Figure  3E) 
suggesting  that  these  animals  have  deereased  lymphatie  stasis  beeause  their  eapillary  and  eolleeting 
lymphaties  are  eollapsed.[16]  In  eontrast,  eontrol  and  CDS  depleted  animals  had  large,  dilated,  eestatie 
lymphatie  vessels  eonsistent  with  persistent  lymphatie  dysfunetion.  Taken  together,  these  findings 
suggest  that  lymphatie  stasis  eauses  T  eell  inflammation  and  that  CD4+  eells  may  eontribute  to  the 
pathologie  ehanges  that  ensue. 
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CD4^  cell  depletion  reduces  lymphedema  induced  chronic  inflammation 


Since  CD4  depletion  after  lymphatic  injury  resulted  in  decreased  lymphedema,  we  hypothesized 
that  CD4  cells  may  be  responsible  for  regulating  inflammatory  changes  in  tissues  exposed  to  lymphatic 
fluid  stasis.  To  test  this  hypothesis,  we  analyzed  inflammatory  cell  populations  in  the  tissues  located 
distal  to  the  zone  of  lymphatic  injury  using  immunohistochemistry  in  animals  treated  with  CD4  or  CDS 
neutralizing  antibodies.  This  analysis  demonstrated  that  animals  treated  with  CD4  neutralizing  antibodies 
had  signiflcantly  decreased  numbers  of  infiltrating  CD45^  leukocytes  (2.5-fold),  CD4^  cells  (16.7-fold), 
and  F4/80^  macrophages  (2-fold;  Figures  4  A-C). 

Western  blot  analysis  of  whole  tissue  protein  demonstrated  marked  decreases  in  expression  of 
Thl  and  Th2  markers  in  CD4  but  not  CDS  depleted  animals  as  compared  with  controls  (Figure  4D).  For 
example,  expression  of  Thl  markers  IFN-y  and  T-bet  were  decreased  by  9  and  2.7  folds,  respectively. 
Similarly,  expression  of  the  Th2  marker  Gata-3  was  decreased  by  4.8  fold.  The  expression  of  FoxP3,  a 
marker  of  T  regulatory  cell  differentiation  was  also  slightly  decreased  (1.3  fold)  in  CD4  depleted  animals. 
Together,  these  findings  suggest  that  CD4  but  not  CDS  depletion  after  lymphatic  injury  decreases 
inflammatory  responses  to  lymphatic  stasis  resulting  in  decreased  overall  inflammation,  decreased 
numbers  of  T  cells  and  macrophages,  and  decreased  expression  of  both  Thl  and  Th2  cytokines. 

CD4^  cell  depletion  inhibits  flbrosis  and  improves  lymphatic  function 

T  cell  inflammatory  reactions  have  been  shown  to  play  critical  roles  in  the  regulation  of  fibrosis 
in  a  variety  of  fibroproliferative  disorders  both  clinically  and  experimentally.  [22]  Our  group  has 
previously  shown  that  fibrosis  is  a  critical  regulator  of  lymphatic  function  and  lymphatic 
regeneration[  14, 15,23,24]  and  fibrosis  is  a  clinical  histopathologic  hallmark  of  lymphedema. [25] 
Therefore,  in  these  experiments  we  sought  to  determine  if  CD4  or  CDS  cell  inflammation  contributes  to 
fibrosis  and  lymphatic  dysfunction  in  the  mouse  tail  model  of  lymphedema. 

Interestingly,  we  found  that  depletion  of  CD4+  cells  resulted  in  a  marked  decrease  in  dermal 
fibrosis  as  reflected  by  collagen  deposition  and  organization  (scar  index;  Figure  5A,  B).  CD4  depleted 
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animals  demonstrated  6.8  fold  deerease  in  dermal  sear  index  as  eompared  with  eontrols.  In  eontrast,  CDS 
depleted  animals  demonstrated  non-signifieant  deereases  in  sear  index  as  eompared  with  eontrols.  These 
findings  were  eonfirmed  by  type  I  eollagen  immunohistoehemistry  demonstrating  a  2.8  fold  deerease  in 
type  I  eollagen  deposition  in  the  dermis  of  CD4  depleted  animals  (Figure  5B).  Furthermore,  the  ratio  of 
type  1:111  eollagen  was  signifieantly  redueed  (2.3  fold)  in  CD4-depleted  animals,  a  finding  eonsistent  with 
deereased  extraeellular  matrix  deposition  and  fibrosis  (Figure  5C). 

Western  blot  analysis  of  whole  tissue  lysates  from  eontrol,  CD4  or  CDS  depleted  animals 
similarly  revealed  reduetions  in  extraeellular  matrix  markers  eonsistent  with  deereased  fibrosis  (Figure 
5D).  For  example,  the  expression  of  a-sma,  E-eadherin,  and  type  III  eollagen  was  deereased  by  2-3  fold 
in  CD4  depleted  animals  as  eompared  with  eontrols  (Figure  5D).  Similarly,  the  expression  of 
phosphorylated  SMAD-3  (14-fold)  and  TGF-pi  (1.4  fold)  were  also  markedly  deereased  in  CD4  depleted 
animals.  This  is  important  sinee  we  have  previously  shown  that  aetivation  of  TGF-P  signaling  plays  an 
important  role  in  tissue  fibrosis  in  lymphedema  both  elinieally  and  in  our  mouse-tail  model. [14,15,24] 

To  determine  if  deereased  fibrosis  in  CD4  depleted  animals  eorresponds  to  improved  lymphatie 
funetion,  we  analyzed  lymphatie  fluid  transport  grossly  using  mierolymphangiography  and  by  analyzing 
radioaetive  traeer  uptake  of  Te^^  by  draining  tail  lymph  nodes.  Analysis  of  mierolymphangiography 
demonstrated  flow  of  interstitial  fluid  aeross  the  tail  sear  only  in  CD4  depleted  animals  (Figure  5E).  In 
addition,  quantifieation  of  floreseent  traeer  in  the  proximal  portion  of  the  tail  demonstrated  markedly 
inereased  transport  of  interstitial  fluid  in  CD4  (8.8  fold)  but  not  CD8  depleted  animals  as  eompared  with 
eontrols.  These  findings  were  eonfirmed  with  lymphoseintigraphy  of  the  saeral  lymph  nodes  after  distal 
tail  injeetion  with  Te^^  demonstrating  both  an  inereased  slope  (i.e.  more  rapid  lymphatie  transport)  and 
inereased  deeay  adjusted  total  uptake  (23-fold)  in  the  draining  lymph  nodes  of  CD4  depleted  animals 
(Figure  5F). 

CD25^  cell  depletion  does  not  improve  lymphedema  or  augment  lymphatic  function 

Because  immune  dysregulation  and  immunosuppression  are  a  major  pathological  hallmark  of 
lymphedema[6,26]  and  since  T  regulatory  (T-reg)  cells  are  an  important  component  of  the  CD4+  cell 
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population,  we  next  sought  to  determine  if  improvements  in  tail  lymphedema  noted  in  CD4  depleted 
animals  were  due  to  alterations  in  T-reg  eell  inflammation.  In  support  of  this  hypothesis,  we  found  that 
the  pereentage  of  T-reg  eells  (CD4+/CD25+/Foxp3+)  in  the  upper  extremity  soft  tissues  of  animals 
treated  with  axillary  lymph  node  disseetion  (ALND)  was  signifieantly  inereased  as  eompared  with  sham 
eontrols  both  in  the  early  (3  week;  5.5  fold)  and  late  (6  week;  6  fold)  time  points  (Figure  6A).  Similarly, 
we  found  that  the  pereentage  of  T-reg  eells  was  signifieantly  inereased  (7.7  fold)  in  miee  with  tail 
lymphedema  as  eompared  to  eontrols  (Figure  6B). 

In  order  to  more  speeifieally  study  the  role  of  T-reg  eells,  we  treated  miee  with  CD25+ 
neutralizing  antibodies  as  this  treatment  has  been  previously  shown  to  signifieantly  deplete  T-reg  eell 
populations  and  used  to  study  T-reg  responses.  [27,28]  In  support  of  this,  we  found  that  treatment  with 
CD25  neutralizing  antibodies  signifieantly  deereased  the  pereentage  of  T-reg  eells  as  eompared  with 
eontrols  in  splenie  homogenates  (16.8  fold;  Figure  6C).  More  importantly,  this  treatment  did  not  alter 
the  pereentage  of  CD4+/CD25-  eells  in  these  animals  (Figure  6D). 

However,  despite  signifieant  T-reg  eell  depletion,  we  did  not  note  signifieant  differenees  in  the 
gross  morphology  of  the  tail  or  tail  volumes  in  animals  treated  with  CD25  neutralizing  antibodies  as 
eompared  to  eontrols  (Figure  7A-C).  Similarly,  there  were  no  signifieant  differenees  in  tissue 
edema/subeutaneous  adipose  deposition,  inflammatory  responses,  or  expression  of  Thl/Th2  markers  after 
CD25  depletion  (Figure  7D).  Most  importantly,  we  found  that  depletion  of  CD25  eells  did  not  alter 
fibrosis,  type  I/type  III  eollagen  deposition,  or  eollagen  I/III  ratios  (Figure  7E-H)  and  there  were  also  no 
differenees  in  the  expression  of  fibrotie  markers  sueh  as  a-sma,  E-eadherin,  TGF-Bl,  p-SMAD3  (Figure 
71).  Depletion  of  CD25  also  failed  to  improve  lymphatie  transport  aeross  the  wound  or  lymph  node 
uptake  of  Te^^  (Figure  7E).  Taken  together,  these  findings  indieate  that  although  T-reg  eell  populations 
are  inereased  in  response  to  lymphatie  stasis  and  in  ehronie  lymphedema,  the  loss  of  these  eell 
populations  does  not  signifieantly  alter  the  pathologieal  manifestations  (inflammation,  fibrosis,  lymphatie 
dysfunetion)  of  this  disorder. 
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Loss  of  CD4^  but  not  CD8^  or  CD25^  cells  increases  lymphangiogenesis 

To  explore  the  meehanisms  regulating  improved  lymphatie  fiinetion  in  CD4  depleted  animals,  we 
determined  the  effeet  of  CD4  depletion  on  lymphangiogenesis  and  lymphangiogenie  eytokine  expression. 
When  we  analyzed  tail  tissues  loeated  distal  to  the  zone  of  lymphatie  disruption  6  weeks  after  surgery,  we 
noted  a  signifieant  inerease  (2.3  fold  inerease  in  LYVE-1+  vessels;  2.2  fold  inerease  in  podoplanin+ 
vessels)  in  the  number  lymphatie  eapillaries  (LYVE-1+  or  podoplanin+)  in  CD4  depleted  animals  as 
eompared  with  eontrols  (Figure  8A,  B).  In  eontrast,  CDS  or  CD25  depletion  had  little  effeet  on  this 
outeome.  Interestingly,  we  did  not  note  signifieant  ehanges  in  the  number  of  eolleeting  lymphaties  in  any 
group  (not  shown).  Western  blot  analysis  of  tail  tissue  lysates  from  these  animals  demonstrated  little 
ehange  in  the  expression  of  VEGF-A  in  any  experimental  group  (Figure  8C).  However,  expression  of 
VEGF-C  was  markedly  inereased  in  CD4  depleted  animals  (4  fold)  and  deereased  in  CDS  depleted  miee 
(3.3  fold).  Despite  these  ehanges  in  VEGF-A  and  VEGF-C  protein  expression  in  CD4  or  CDS  depleted 
animals,  we  did  not  find  signifieant  differenees  in  the  number  of  VEGF-A  or  VEGF-C  positive  eells 
loealized  by  immunohistoehemistry  suggesting  that  ehanges  in  total  protein  expression  may  refleet 
regulation  of  these  proteins  at  the  eellular  level  (Figure  8D). 

We  used  an  inflammatory  lymph  node  model  in  order  to  further  explore  the  effeets  of  CD4  eell 
depletion  on  inflammatory  lymphangiogenesis  sinee  this  model  avoids  ehanges  that  may  be  seeondary  to 
wound  healing  effeets.  In  eonfirmation  of  our  tail  model  observations,  we  found  that  depletion  of  CD4+ 
eells  markedly  inereased  LYVE-1+  vessel  density  5-7  days  after  hind  limb  CF A/OVA  injeetion  as 
eompared  with  eontrols  (Figure  9A).  We  found  similar  results  when  we  repeated  these  experiments  in 
transgenie  miee  defieient  in  CD4+  eells  (CD4KO).  In  addition,  we  found  modest  though  signifieant 
inereases  in  the  expression  of  both  VEGF-A  (1.3  fold)  and  VEGF-C  (1.6  fold)  protein  in  the  lymph  nodes 
of  CD4  depleted  animals  as  eompared  with  eontrols  (Figure  9B,  C). 
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Discussion 


In  the  current  study,  consistent  with  previous  reports,  we  found  that  chronic  lymphedema  results 
in  tissue  inflammation.  Using  multi-color  flow  cytometry  to  characterize  the  cellular  populations  in  tissue 
digests,  we  found  that  lymphedema  in  the  mouse-tail  model  results  in  signiflcant  alterations  in  the 
populations  of  inflammatory  cells  that  are  present.  More  specifically,  unlike  previously  published  studies, 
the  use  of  multiple  cell  surface  antigens  enabled  us  to  identify  specific  cell  populations  and  demonstrated 
that  the  percentage  of  mature  T-helper  cells,  T-regulatory  cells,  neutrophils,  macrophages,  and  dendritic 
cells  were  all  significantly  elevated  in  lymphedematous  tissues  as  compared  with  surgical  controls.  Our 
findings  are  supported  by  those  reported  by  Galkowska  and  Olszewsk  using  Giemsa  staining  of  cell 
smears  on  lymphatic  fluid  collected  from  dogs  with  chronic  lymphedema  or  sham  controls  demonstrating 
significantly  increased  numbers  of  lymphocytes  and  veiled  cells  (dendritic  cells)  in  animals  with  chronic 
lymphedema.  [7]  In  a  later  study  on  patients  with  lymphedema,  these  same  authors  used  histological 
stains  and  single  antigen  immunohistochemistry  to  characterize  inflammatory  cells  populations  in  patients 
with  long  standing  lymphedema  versus  normal  skin  and  found  that  lymphedema  patients  had  qualitatively 
more  lymphocytes  than  controls. [5]  The  findings  of  our  study  are  also  supported  by  microarray  studies  in 
the  mouse-tail  model  demonstrating  acute  increases  in  gene  families  regulating  acute  inflammation  and 
immune  responses.[16]  Taken  together,  our  findings  and  these  previous  studies  support  the  hypothesis 
that  lymphedema  results  in  a  mixed  inflammatory  response  including  a  prominent  lymphocyte 
component. 

In  order  to  determine  how  acute,  low-grade  lymphatic  stasis  resulting  from  lymph  node  resection 
regulates  inflammatory  responses,  we  analyzed  single  cell  suspensions  from  the  upper  arm  area  of  mice 
treated  with  axillary  lymphadenectomy  (ALND)  versus  axillary  incision  without  lymph  node  removal  3 
or  6  weeks  after  surgery.  Interestingly,  we  found  that  ALND,  similar  to  tail  lymphedema,  resulted  in  a 
persistent  and  significant  increase  in  tissue  inflammation  even  as  long  as  6  weeks  after  surgery.  More 
importantly,  we  found  that  similar  to  tail  lymphedema,  inflammatory  responses  to  ALND  included  a 
prominent  increase  in  the  percentage  of  a  variety  of  T  lymphocytes  (T-helper,  T-cytotoxic,  Treg,  NKT). 
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However,  in  eontrast  to  the  inflammatory  ehanges  in  the  tail  model,  we  found  that  ALND  had  only 
modest,  and  largely  insignifleant  effeets  on  maerophages,  monoeytes,  and  dendritie  eells  suggesting  that 
T  eell  inflammatory  responses  preeede  and  possibly  eontribute  to  the  pathology  of  lymphedema. 

We  next  explored  the  hypothesis  that  inflammatory  responses  eontribute  to  the  pathology  of 
lymphedema  and  regulate,  either  direetly  or  indireetly,  tissue  edema,  adipose  deposition,  fibrosis,  and 
lymphatie  dysfunetion.  We  found  that  depletion  of  CD4+  but  not  CD8+  or  CD25+  eells  resulted  in 
marked  improvements  in  lymphedema  and  deereased  tail  swelling,  adipose  tissue  deposition,  and  fibrosis. 
In  addition,  only  depletion  of  CD4+  eells  signifieantly  deereased  tissue  inflammation  (CD45+  eell 
infiltration)  and  expression  of  Thl  and  Th2  markers  ineluding  IFN-y,  T-Bet,  and  GATA-3.  The 
hypothesis  that  CD4+  eell  inflammation  eontributes  to  the  pathology  of  lymphedema  is  supported  by  our 
previous  studies  demonstrating  that  bloekade  of  TGF-pi  aetivation  in  the  mouse  tail  model  signifieantly 
improves  lymphedema  and  is  assoeiated  with  markedly  deereased  tissue  inflammation,  CD4+  eell 
infiltration,  and  expression  of  Thl/Th2  markers. [14]  Similarly,  our  hypothesis  is  supported  by  our 
previous  studies  demonstrating  that  miee  defieient  in  all  T  eells  (nude  miee)  have  signifieantly  deereased 
tail  lymphedema,  fibrosis,  and  lymphatie  dysfunetion  as  eompared  with  wild-type  littermates.[21]  The 
hypothesis  that  inflammation  eontributes  to  the  pathology  of  lymphedema  is  also  supported  by  previous 
studies  by  Roekson  and  eolleagues  demonstrating  that  inhibition  of  generalized  inflammatory  responses 
using  ketoprofen,  a  non-steroidal  anti-inflammatory  medieation,  markedly  improves  lymphatie  funetion 
and  deereases  lymphedema  in  the  mouse  tail  model.  [29]  Finally,  the  hypothesis  that  CD4+  eells  either 
direetly  or  indireetly  eontribute  to  the  initiation  and  progression  of  lymphedema  is  supported  by  the  faet 
that  these  responses  have  been  implieated  in  the  pathology  of  obesity  ineluding  metabolie  dysfunetion  and 
adipose  deposition.  [10,30]  These  latter  effeets  are  important  sinee  a  defining  feature  of  end  stage 
lymphedema  is  adipose  deposition. 

In  order  to  determine  how  CD4+  eell  inflammation  eontributes  to  pathology  of  lymphedema,  we 
analyzed  tissue  fibrosis  and  regulators  of  extraeellular  matrix  deposition.  Interestingly,  and  eonsistent 
with  our  previous  observations,  [14]  we  found  that  depletion  of  CD4+  eells  markedly  inhibited  tissue 
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fibrosis  in  the  regions  of  the  tail  exposed  to  ehronie  lymphatie  stasis  as  eompared  with  eontrol  animals  or 
miee  depleted  of  CD8+  or  CD25+  eells.  CD4+  depleted  miee  had  signifieantly  deereased  sear  index  (a 
measure  of  type  I  eollagen  deposition  and  organization),  deereased  type  I  eollagen  staining  by 
immunohistoehemistry,  and  a  deereased  ratio  of  type  I/IIII  eollagen  deposition.  These  findings  are 
important  as  we  have  previously  shown  that  fibrosis  is  a  signifieant  regulator  of  lymphatie  funetion.  For 
example,  we  have  previously  shown  that  inhibition  of  radiation-indueed  fibrosis  markedly  improves 
lymphatie  funetion.  [24]  Similarly,  we  have  previously  shown  that  elinieal  lymphedema  speeimens  have 
inereased  expression  of  the  profibrotie  regulator  TGF-pi  and  that  inhibition  of  TGF-P  signaling  either 
loeally  or  systemieally  deereases  tissue  fibrosis  and  markedly  improves  lymphatie  funetion  in  the  mouse 
tail  model.  [14]  Our  eurrent  studies,  also  suggest  that  regulation  of  fibrosis  by  T  eell  inflammatory 
reaetions  interaet  with  TGF-P  signaling  sinee  we  found  that  depletion  of  CD4+  eells  markedly  deereased 
the  expression  of  TGF-pi  and  its  downstream  mediator  pSMAD-3.This  finding  is  eonsistent  with  our 
previous  study  demonstrating  that  inhibition  of  TGF-pi  markedly  deereases  T  eell  inflammation  and  that 
depletion  of  CD3+  eells  (all  T  eell  subsets)  deereased  TGF-pi  expression. [14]  Taken  together,  these 
findings  suggest  that  CD4+  eells  regulate  lymphatie  funetion  in  ehronie  lymphedema  at  least  in  part  by 
regulating  tissue  fibrosis. 

Reeent  studies  by  our  lab  and  others  have  also  shown  that  T  eells  are  independent  and  important 
regulators  of  lymphangiogenesis.  For  example,  we  have  previously  shown  that  nude  miee  (laeking  all  T 
eells)  have  signifieantly  improved  lymphatie  funetion  and  markedly  deereased  expression  of  anti- 
lymphangiogenie  eytokines  sueh  as  TGF-pi,  IFN-y,  and  endostatin.[21]  Similarly,  Koh  and  eolleagues 
have  shown  in  reeent  elegant  studies  that  T  eells  regulate  lymph  node  lymphangiogenesis  at  least  in  part 
by  expressing  IFN-y.  [1 1]  Finally,  we  have  previously  shown  that  CD4+  eell  inflammation  is  neeessary 
for  hypoxia  indueible  faetor-1  alpha  (HIF-la)  stabilization  and  regulation  of  VEGF-A/C  expression  in 
ehronie  lymphedema  and  in  inflammatory  lymphangiogenesis.[19]  The  findings  of  our  eurrent  study  are 
eonsistent  with  these  results  as  we  found  that  depletion  of  CD4+  but  not  CD8+  or  CD25+  eells  markedly 
inereased  lymphangiogenesis  in  the  lymphedematous  regions  of  the  tail.  Similarly,  we  found  that 
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depletion  of  CD4+  eells  or  inflammation  in  transgenie  miee  laeking  CD4+  eells  markedly  inereased 
lymphatie  vessels  density  in  draining  lymph  nodes  and  was  assoeiated  with  inereased  expression  of 
VEGF-A  and  VEGF-C.  Our  findings  eomplement  and  add  to  the  work  of  Koh  and  eolleagues  sinee 
unlike  the  former  study  we  show  that  CD4+  eells  (rather  than  T  eells  in  general)  are  important  regulators 
of  lymphangiogenesis  during  wound  repair  and  that  these  effeets  likely  involve  regulation  of  both  pro- 
and  anti-lymphangiogenie  pathways.  Future  studies  will  be  required  to  determine  preeisely  how  the 
balanee  between  pro-  and  anti-lymphangiogenie  pathways  regulates  lymphatie  repair  and  regeneration 
during  wound  healing  and  in  physiologie  inflammation. 

An  interesting  finding  of  our  study  was  the  massive  inerease  in  the  number  of  T-reg  eells  in 
response  to  lymphatie  stasis  both  after  AFND  or  in  response  to  tail  lymphedema.  We  did  not  observe 
signifieant  ehanges  in  pathologieal  findings  of  lymphedema  after  depletion  of  CD25+  eells  (i.e.  fibrosis, 
lymphatie  funetion,  adipose  tissue  deposition,  tail  volumes)  suggesting  that  T-regulatory  eells  may  play 
additional  or  distinet  roles  in  lymphatie  stasis.  Indeed,  inereased  numbers  of  T-reg  eells  may  simply 
represent  a  homeostatie  response  to  the  ehronie  inflammation  indueed  by  lymphatie  stasis.  This  response 
may  be  responsible  for  immune  disturbanees  in  patients  with  lymphedema  sueh  as  inereased  risk  of 
infeetions  (lymphangitis  and  eellulitis)  and  inability  to  mount  immune  responses  or  aequire  immunity  to 
vaeeines  when  administered  in  the  lymphedematous  limb.  Similarly,  our  findings  provide  a  rationale  for 
previous  reports  demonstrating  improved  allograft  skin  graft  survival  after  ligation  of  afferent  lymphaties 
and  delayed  rejeetion  of  allograft  tumors  in  animal  models. [7,3 1]  Additional  studies  are  elearly  required 
and  will  be  performed  in  future  reports  to  determine  the  role  of  T-reg  eells  in  the  pathology  of 
lymphedema. 

In  eonelusion,  in  the  eurrent  study  we  have  eharaeterized  the  eellular  immune  response  to 
lymphatie  fluid  stasis  resulting  from  lymph  node  disseetion  and  ehronie  lymphedema  using  mouse 
models.  In  addition,  we  have  shown  that  depletion  of  CD4+  eells,  but  not  CD8+  or  CD25+  eells 
markedly  deereases  that  pathologieal  findings  of  lymphedema  ineluding  swelling,  fibrosis,  adipose 
deposition,  and  lymphatie  dysfunetion.  In  addition,  we  have  shown  that  CD4+  eells  play  an  important 


19 


role  in  the  regulation  of  lymphangiogenesis  in  lymphedema  and  inflammatory  lymphangiogenesis. 
Finally,  we  have  shown  that  lymphatie  stasis  promotes  a  signifieant  T-regulatory  eell  inflammatory 
response  and  that  this  response  is  not  neeessary  for  pathologie  responses  to  sustained  lymphatie  fluid 
stasis. 
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Figure  Legends 


Figure  1.  Chronic  lymphedema  results  in  a  mixed  inflammatory  cell  response. 

A.  Photograph  of  mouse-tails  6  weeks  after  skin/lymphatie  exeision  (lymphedema;  left)  or  skin 
ineision  (eontrol;  right). 

B.  Representative  eross  seetional  histology  of  mouse  tails  eomparing  lymphedema  (left)  and  eontrol 
(right)  miee  6  weeks  after  surgery.  Cross  seetions  were  obtained  2  eentimeters  distal  to  the  tail 
wound  (arrow  in  figure  A).  Note  fat  deposition  (braekets),  dilated  lymphaties,  and  inflammation 
in  lymphedema  seetion. 

C.  Flow  eytometry  analysis  for  CD45+  eells  in  single  eell  suspensions  prepared  from  tail  tissue  2  em 
distal  to  the  wound  of  lymphedema  or  eontrol  miee  (n=5 -7/group)  6  weeks  after  surgery.  The 
pereentage  of  CD45+  eells  as  a  funetion  of  total  eell  population  is  shown.  A  representative 
histogram  is  shown  to  the  right. 

D. ,  E.  Flow  eytometry  analysis  of  T-helper,  T-eytotoxie,  natural  killer  T  eells  (NKT),  B  eell  (Figure 

D)  and  neutrophils,  monoeytes,  maerophage,  and  dendritie  eells  (Figure  E)  in  single  eell 
suspensions  of  lymphedematous  or  eontrol  miee  (n=5 -7/group)  6  weeks  after  surgery. 
Representative  dot  plots  are  shown  to  the  right. 
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Figure  2.  Axillary  lymph  node  dissection  results  in  a  T  cell  inflammatory  reaction. 


A.  Flow  cytometry  analysis  for  CD45+  cells  in  single  cell  suspensions  prepared  from  upper 
extremity  soft  tissues  1.5  cm  distal  to  the  axillary  wound  in  animals  treated  with  axillary  lymph 
node  dissection  (ALND)  or  axillary  incision  without  lymphadenectomy  (sham;  n=5 -7/group)  3  or 
6  weeks  after  surgery.  A  representative  histogram  is  shown  to  the  right. 

B.  Flow  cytometry  analysis  of  T-helper,  T-cytotoxic,  natural  killer  T  cells  (NKT),  B  cell  (top  panel) 

and  neutrophils,  monocytes,  macrophage,  and  dendritic  cells  in  single  cell  suspensions  of  upper 
extremity  soft  tissues  harvested  3  weeks  after  ALND  or  sham  incision  (n=5 -7/group). 
Representative  dot  plots  are  shown  below. 

C.  Flow  cytometry  analysis  of  T-helper,  T-cytotoxic,  natural  killer  T  cells  (NKT),  B  cell  (top  panel) 

and  neutrophils,  monocytes,  macrophage,  and  dendritic  cells  in  single  cell  suspensions  of  upper 
extremity  soft  tissues  harvested  6  weeks  after  ALND  or  sham  incision  (n=5 -7/group). 
Representative  dot  plots  are  shown  below. 
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Figure  3.  CD4  cell  depletion  reduces  lymphedema. 


A.  Flow  cytometry  analysis  of  splenic  single  cell  suspensions  from  mice  treated  with  isotype  control 
antibodies  or  depleted  of  CD4+  cells  (upper  panel)  or  CD8+  cells  (lower  panel)  using 
neutralizing  antibodies  (n=5 -7/group).  Representative  dot  plots  are  shown  to  the  right. 

B.  Representative  photograph  of  control,  CD8+  cell  depleted,  or  CD4+  cell  depleted  mice  6  weeks 
after  tail  superficial  and  deep  lymphatic  excision.  Note  near  complete  resolution  of  edema  in 
CD4+  treated  animals  and  loss  of  fixed  tail  contracture  (‘‘J”  shape  seen  in  control  or  CD8+ 
treated  animals). 

C.  Representative  cross  sectional  histology  and  quantification  of  subcutaneous  tissue  thickness 
(brackets)  in  control,  CD8+,  and  CD4+  depleted  animals. 

D.  Tail  volumes  in  control,  CD8+,  or  CD4+  depleted  animals  over  the  course  of  the  experiment. 
CD4+  or  CD8+  cell  depletion  was  begun  2  weeks  after  surgery  (arrow). 

E.  Analysis  of  lymphatic  vessel  diameter  (podoplanin+  vessels)  in  control,  CD8+,  or  CD4+  depleted 

animals  (left)  and  representative  photomicrographs  (right).  Lymphatic  vessel  diameter  is  shown 
in  brackets. 
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Figure  4.  CD4^  cell  depletion  reduces  lymphedema  induced  chronic  inflammation. 

A,  B,  C.  Representative  photomierographs  of  CD45  (figure  A),  F4/80  (figure  B),  and  CD4  (figure  C) 
immunohistoehemieal  staining  in  tail  tissues  of  eontrol,  CD8+,  or  CD4+  eell  depleted  animals  6 
weeks  after  tail  superfieial  and  deep  lymphatie  exeision.  Quantifieation  of  eell  numbers  per  high- 
powered  field  (hpf)  are  shown  below  for  eaeh  eell  type. 

D.  Representative  (of  triplieate  experiments)  western  blots  from  tail  tissues  for  Thl  (IFN-y,  Tbet),  T- 
reg  (FoxP3),  and  Th2  (Gata-3)  markers  in  eontrol,  CD8+,  and  CD4+  depleted  animals  6  weeks 
after  tail  superfieial  and  deep  lymphatie  exeision.  Quantifieation  of  band  density  relative  to 
eontrols  (arbitrarily  set  at  1  and  represented  by  dotted  line)  is  shown  to  the  right. 
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Figure  5.  CD4+  cell  depletion  decreases  fibrosis  and  improves  lymphatic  function. 


A.  Scar  index  analysis  (below)  and  representative  photomicrographs  of  polarized  light  microscopic 
views  (above)  in  control,  CD8+,  and  CD4+  depleted  animals  (n=5-7  per  group)  6  weeks  after 
surgery. 

B.  Representative  photomicrographs  of  type  I  collagen  immunohistochemistry  (above)  and 
calculation  of  type  I  collagen  staining  in  the  dermis  (positive  pixels/mm^;  below)  in  control, 
CD8+,  and  CD4+  depleted  animals  6  weeks  after  surgery. 

C.  Calculation  of  type  Ltype  III  collagen  staining  ratio  in  tail  tissue  sections  from  control,  CD8+, 
and  CD4+  depleted  mice  6  weeks  after  surgery. 

D.  Representative  (of  triplicate  experiments)  western  blot  analysis  of  a-sma,  E-cadherin,  type  III 
collagen,  pSMAD,  and  TGF-pi  in  protein  lysates  obtained  from  tail  tissues  of  control,  CD8+, 
and  CD4+  cell  depleted  animals  6  weeks  after  surgery.  Quantification  of  band  density  relative  to 
controls  (arbitrarily  set  at  1  and  represented  by  dotted  line)  is  shown  to  the  right. 

E.  Representative  microlymphangiography  (upper)  and  quantification  of  tissue  florescence  proximal 
to  the  tail  wound  (ratio  of  proximal  to  distal  florescence)  in  control,  CD8+,  and  CD4+  depleted 
mice  6  weeks  after  surgery.  Note  crossing  of  the  tail  wound  by  florescent  marker  only  in  CD4+ 
depleted  mice. 

F.  Lymphoscintigraphy  and  sacral  lymph  node  uptake  in  control,  CD8+,  and  CD4+  depleted  mice  6 
weeks  after  surgery.  Representative  heat  map  is  shown  to  the  right  (white  arrow  =  injection  site; 
red  circle  =  sacral  lymph  nodes). 
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Figure  6.  T-regulatory  cell  inflammation  is  potently  increased  by  lymphatic  fluid  stasis  and 


lymphedema. 

A.  Flow  cytometry  analysis  for  T-regulatory  (T-reg)  cells  in  single  cell  suspensions  prepared  from 
upper  extremity  soft  tissues  1.5  cm  distal  to  the  axillary  wound  in  animals  treated  with  axillary 
lymph  node  dissection  (ALND)  or  axillary  incision  without  lymphadenectomy  (sham;  n=5- 
7/group)  3  or  6  weeks  after  surgery. 

B.  Flow  cytometry  analysis  for  T-regulatory  (T-reg)  cells  in  single  cell  suspensions  prepared  from 
tail  tissue  2  cm  distal  to  the  wound  of  lymphedema  or  control  mice  (n=5 -7/group)  6  weeks  after 
surgery. 

C.  Flow  cytometry  of  splenic  single  cell  suspensions  for  CD4+/CD25-  cells  after  treatment  with 
control  or  CD25  neutralizing  antibodies.  Note  no  significant  decrease  in  the  overall  number  of 
CD4+  cells.  Representative  dot  plot  is  shown  to  the  right. 

D.  Flow  cytometry  of  splenic  single  cell  suspensions  for  CD4+/CD25+/Foxp3+  (T-regs)  cells  after 
treatment  with  control  or  CD25  neutralizing  antibodies.  Note  no  significant  decrease  in  the 
overall  number  of  CD4+  cells.  Representative  dot  plot  is  shown  to  the  right. 
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Figure  7.  CD25^  cell  depletion  does  not  improve  lymphedema,  decrease  fibrosis,  or  augment 
lymphatic  function. 


A.  Representative  photograph  of  eontrol  or  CD25+  depleted  miee  6  weeks  after  tail  superfieial  and 
deep  lymphatie  exeision. 

B.  Representative  eross  seetional  histology  and  quantifieation  of  subeutaneous  tissue  thiekness 
(braekets)  in  eontrol  and  CD25+  eell  depleted  animals. 

C.  Tail  volumes  in  eontrol  and  CD25+  eell  depleted  animals  over  the  eourse  of  the  experiment. 
CD25+  eell  depletion  was  begun  2  weeks  after  surgery  (arrow). 

D.  Representative  (of  triplieate  experiments)  western  blots  from  tail  tissues  for  Thl  (IFN-y,  Tbet), 
and  Th2  (Gata-3,  IL4)  markers  in  eontrol  and  CD25+  eell  depleted  animals  6  weeks  after  tail 
superfieial  and  deep  lymphatie  exeision.  Quantifieation  of  band  density  relative  to  eontrols  (fold 
ehange)  is  shown  to  the  right. 

E.  Lymphoseintigraphy  and  saeral  lymph  node  uptake  in  eontrol  and  CD25+  eell  depleted  miee  6 
weeks  after  surgery.  Representative  heat  map  is  shown  to  the  right  (white  arrow  =  injeetion  site; 
red  eirele  =  saeral  lymph  nodes). 

F.  Sear  index  analysis  (below)  and  representative  photomierographs  of  polarized  light  mieroseopie 
views  (above)  in  eontrol  and  CD25+  eell  depleted  animals  (n=5-7  per  group)  6  weeks  after 
surgery. 

G.  Representative  photomierographs  of  type  I  eollagen  immunohistoehemistry  (above)  and 
ealeulation  of  type  I  eollagen  staining  in  the  dermis  (positive  pixels/mm^;  below)  in  eontrol  and 
CD25+  eell  depleted  animals  6  weeks  after  surgery. 

H.  Caleulation  of  type  Ltype  III  eollagen  staining  ratio  in  tail  tissue  seetions  from  eontrol  and 
CD25+  eell  depleted  miee  6  weeks  after  surgery. 

I.  Representative  (of  triplieate  experiments)  western  blot  analysis  of  a-sma,  E-eadherin,  type  III 
eollagen,  pSMAD,  and  TGF-pi  in  protein  lysates  obtained  from  tail  tissues  of  eontrol  and 
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CD25+  cell  depleted  animals  6  weeks  after  surgery.  Quantification  of  band  density  relative  to 
controls  (fold  change)  is  shown  to  the  right. 
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Figure  8.  Loss  of  CD4^  but  not  CD8^  or  CD25^  cells  increases  lymphangiogenesis. 

A.  LYVE-1+  vessel  eounts  (left)  and  representative  figures  (right)  of  tail  seetions  from  eontrol,  CD8+, 

CD4+,  or  CD25+  eell  depleted  miee  6  weeks  after  surgery. 

B.  Podoplanin+  vessel  eounts  (left)  and  representative  figures  (right)  of  tail  seetions  from  eontrol,  CD8+, 

CD4+,  or  CD25+  eell  depleted  miee  6  weeks  after  surgery. 

C.  VEGF-C+  eells/high  powered  field  (hpf)  eounts  (left)  and  representative  figures  of  VEGF-C 

immunohistoehemistry  in  tail  tissues  from  eontrol,  CD8+,  CD4+,  or  CD25+  eell  depleted 
animals  (right)  6  weeks  after  surgery. 

D.  Representative  (of  triplieate  experiments)  western  blot  analysis  of  VEGF-A,  and  VEGF-C  expression 

in  protein  lysates  obtained  from  tail  tissues  from  eontrol,  CD8+,  CD4+,  or  CD25+  eell  depleted 
animals  6  weeks  after  surgery.  Quantifieation  of  band  density  relative  to  eontrols  (arbitrarily 
set  at  1  and  represented  by  dotted  line)  is  shown  to  the  right. 
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Figure  9.  CD4+  cells  regulate  inflammatory  lymphangiogenesis. 


A.  LYVE-1+  vessel  density  in  popliteal  lymph  nodes  7  days  after  CF A/OVA  indueed  lymph  node 

lymphangiogenesis  in  eontrol,  CD4+  eell  depleted,  or  CD4  knoekout  (CD4KO)  miee. 
Representative  eross  seetional  histology  of  the  lymph  node  (blue  DAPI  stain,  red  LYVE-1 
stain)  are  shown  to  the  right. 

B. ,  C.  Expression  of  VEGF-A  (A)  and  VEGF-C  (B)  protein  by  ELISA  in  popliteal  lymph  nodes 

harvested  7  days  after  CF  A/OVA  indueed  lymph  node  lymphangiogenesis  in  eontrol  or  CD4 
depleted  miee. 
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Table  1.  Cell  surface  markers  for  identification  of  leukocyte  cell  types. 


Leukocytes 

0045"^ 

Mature  T-helper  cells 

CD45VCD4VTCRp^ 

Mature  T-cytotoxic  cells 

CD45VCD8VTCRb^ 

T-regulatory  cells 

CD4^/D25VFoxp3^ 

Natural  killer  T  cell 

NKT;  CD4VTCRpVTetramer^ 

Macrophage 

CD45^/CD1  lbVF4/80^ 

Dendritic  cell 

CD45VCD1  IcVMHC  II“ 

Neutrophil 

CD45VCDllbVLy6g“ 

Monocyte 

CD45VCD1  lbVLy6c“ 

Been 

CD45VB220^ 
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